Pursuing Resilience of Coastal Communities Through Sustainable and Integrated Urban Water Management by Díaz, Pacia
University of South Florida
Scholar Commons
Graduate Theses and Dissertations Graduate School
November 2018
Pursuing Resilience of Coastal Communities
Through Sustainable and Integrated Urban Water
Management
Pacia Díaz
University of South Florida, lapacia@gmail.com
Follow this and additional works at: https://scholarcommons.usf.edu/etd
Part of the Environmental Engineering Commons, Environmental Sciences Commons, and the
Public Policy Commons
This Dissertation is brought to you for free and open access by the Graduate School at Scholar Commons. It has been accepted for inclusion in
Graduate Theses and Dissertations by an authorized administrator of Scholar Commons. For more information, please contact
scholarcommons@usf.edu.
Scholar Commons Citation
Díaz, Pacia, "Pursuing Resilience of Coastal Communities Through Sustainable and Integrated Urban Water Management" (2018).
Graduate Theses and Dissertations.
https://scholarcommons.usf.edu/etd/7497
 
 
 
 
 
Pursuing Resilience of Coastal Communities Through Sustainable  
 
and Integrated Urban Water Management 
 
 
 
by 
 
 
 
Pacia Díaz 
 
 
 
 
 
A dissertation submitted in partial fulfillment 
of the requirements for the degree of 
Doctor of Philosophy in Environmental Engineering 
Department of Civil and Environmental Engineering 
College of Engineering 
University of South Florida 
 
 
 
Major Professor:  Daniel H. Yeh, Ph.D. 
James R. Mihelcic, Ph.D. 
Rafael Perez, Ph.D. 
Trent Green, M.Arch.U.D. 
Niki Frantzeskaki, Ph.D. 
 
 
Date of Approval: 
October 31, 2018 
 
 
 
Keywords: adaptation, chloride, drought, IUWM, salinity, sea level rise, urban water cycle 
 
Copyright © 2018, Pacia Díaz 
 
 
  
 
 
 
 
 
DEDICATION 
 
 
Para mami, que siempre me decia que terminara lo que empezaba. 
  
 
 
 
 
 
ACKNOWLEDGEMENTS 
 
I thank my dissertation advisor, Dr. Daniel Yeh for inviting me to join his research team.  
His belief in working towards a better world is clearly evident through his energy and enthusiasm.  
This enthusiasm has inspired me.  Through the years he has challenged me to venture outside 
of my comfort zone, helping me realize my true potential.  I thank my dissertation committee 
members – James R. Mihelcic, Ph.D., Rafael Perez, Ph.D., Trent Green, M. Arch. U.D., Niki 
Frantzeskaki, Ph.D. – for their individual contributions to my success. 
This research would not have been possible without the kind assistance lent by Paul 
Stanek, Assistant Director of Public Works and Utilities at the City of Dunedin and his staff at the 
Water Division; I thank them as well. 
There have been many that have helped me along my academic career; J. David Tàbara, 
Ph.D. (my Fulbright mentor in Barcelona), Lauren Chambers, MPH (USF’s Office of National 
Scholarships, who helped me craft an exceptional application for Fulbright), Mark R. Hafen, Ph.D., 
Sarina Ergas, Ph.D.  and Victoria Ruiz (Fulbright España). 
I have also had many friends and family which have cheered me on through this journey; 
you know who you are. 
I would also like to acknowledge the generous funding support I received:  the Fulbright 
U.S. Student Program (2015-2016), the AWWA (American Water Works Association) and the 
Water Industry Technical Action Fund (WITAF) (2015), the USF Patel College of Global 
Sustainability (2015), the USF Signature Research Doctoral Fellowship (2013-2015), the Alfred 
P. Sloan Foundation (2012), the S-STEM Graduate Fellowship (2010-2011, 2012-2013), and the 
USF Department of Civil + Environmental Engineering Grant (2009-2010).
i 
 
 
 
 
 
TABLE OF CONTENTS 
 
LIST OF TABLES ........................................................................................................................ v 
 
LIST OF FIGURES .................................................................................................................. viii 
 
ABSTRACT ................................................................................................................................. x 
 
CHAPTER 1:  INTRODUCTION .................................................................................................. 1 
Contemporary Water Supply Challenges ......................................................................... 4 
Urbanization and the Urban Water Cycle ............................................................. 4 
Aging Infrastructure .............................................................................................. 4 
Future Impacts on Water Supply and Infrastructure ......................................................... 5 
Water Supply ....................................................................................................... 5 
Water Infrastructure ............................................................................................. 5 
Changes in Precipitation - Flooding ..................................................................... 6 
   Impacts on Wastewater Utilities ................................................................ 6 
Changes in Precipitation - Drought ...................................................................... 6 
   Impacts on Drinking Water Utilities ........................................................... 6 
   Impacts on Wastewater Utilities ................................................................ 7 
Sea Level Rise ..................................................................................................... 7 
   Water Quality and Availability ................................................................... 7 
   Water Infrastructure .................................................................................. 8 
 Definitions ....................................................................................................................... 9 
Interdependencies ............................................................................................... 9 
Vulnerability ....................................................................................................... 10 
Slow-Moving Consequences .............................................................................. 11 
Integrated Urban Water Management (IUWM) ................................................... 11 
Resilience .......................................................................................................... 13 
Sustainability ...................................................................................................... 15 
 
CHAPTER 2:  RESEARCH OVERVIEW ................................................................................... 18 
Gap in Knowledge ......................................................................................................... 18 
Research Objectives ..................................................................................................... 20 
Expected Outcomes ...................................................................................................... 22 
Research Questions ...................................................................................................... 23 
Research Design ........................................................................................................... 24 
Data Collection .................................................................................................. 24 
   Scoping Study ........................................................................................ 24 
   Case Study ............................................................................................. 25 
Model Development ........................................................................................... 26 
 
CHAPTER 3:  DATA COLLECTION .......................................................................................... 32 
Scoping Study: Salinity and Consequences to Water Utilities in the United States ........ 32 
Acknowledgements ............................................................................................ 32 
  Introduction ........................................................................................................ 32 
ii 
Survey of Water Utilities ..................................................................................... 33 
Chloride Contamination: The Common Denominator ......................................... 34 
Response Strategies Implemented by Water Utilities ......................................... 35 
   Responses Addressing Lateral and Vertical SWI .................................... 35 
   Responses to Over-abstraction .............................................................. 37 
   Responses to Sea Level Rise ................................................................. 38 
   Responses to Drought ............................................................................ 38 
Summary ........................................................................................................... 39 
Case Study:  Dunedin, FL, USA .................................................................................... 42 
The Urban Water Cycle...................................................................................... 43 
   Urban Waters ......................................................................................... 43 
   Water Infrastructure ................................................................................ 44 
Existing Challenges ........................................................................................... 45 
   Development .......................................................................................... 45 
   Coastal Location ..................................................................................... 46 
   Limited and Sensitive Water Source ....................................................... 47 
   Water Quality ......................................................................................... 48 
   Aging Infrastructure ................................................................................ 48 
   Interdependencies .................................................................................. 49 
  Anticipated Consequences of Climate Change .................................................. 49 
Sustainable Strategies ....................................................................................... 50 
   Protect (Prevent Impairment) .................................................................. 51 
   Reduce (Conserve) ................................................................................ 52 
   Reuse ..................................................................................................... 54 
   Recycle .................................................................................................. 54 
   Integrate ................................................................................................. 55 
  Other Innovative Approaches ............................................................................. 56 
   Infrastructure Investment ........................................................................ 56 
   Coordination Between Utilities ................................................................ 58 
Summary ........................................................................................................... 58 
 
CHAPTER 4:  MODEL DEVELOPMENT................................................................................... 67 
Phase 1:  Water Balance Model .................................................................................... 67 
Description of Dunedin’s Total Urban Water Cycle ............................................. 67 
Nodes: Operation and Process .......................................................................... 68 
   The Wellfield .......................................................................................... 68 
The Water Treatment Plant .................................................................... 68 
Drinking Water Customer ....................................................................... 69 
Reclaimed Water Customer.................................................................... 69 
The Wastewater Treatment Plant/Reclaimed Water Production Plant .... 69 
Water Types ...................................................................................................... 70 
  Methods ............................................................................................................. 72 
   Assumptions ........................................................................................... 73 
   Selection of Base Year ........................................................................... 73 
   Input Values ........................................................................................... 74 
Results ............................................................................................................... 74 
   Visualization ........................................................................................... 75 
   Interaction with the Environment ............................................................ 75 
   Fractionation of Flows ............................................................................ 76 
   Losses .................................................................................................... 77 
   Recycling Potential ................................................................................. 77 
iii 
Summary ........................................................................................................... 77 
Phase 2:  Computing Salinity ......................................................................................... 93 
Description of Water Quality within the Urban Water Cycle ................................ 93 
Water Types ...................................................................................................... 93 
Background ........................................................................................................ 94 
Definitions .......................................................................................................... 95 
Assessment of Data Collected ........................................................................... 96 
Methods ............................................................................................................. 96 
   Correlation and Regression Equations ................................................... 97 
Results ............................................................................................................... 98 
Summary ........................................................................................................... 98 
Phase 3:  Salt Balance ................................................................................................ 105 
Methods ........................................................................................................... 105 
Assumptions ......................................................................................... 105 
   Input Values ......................................................................................... 105 
Results ............................................................................................................. 105 
  Summary ......................................................................................................... 107 
Phase 4: Predicting Salinity ......................................................................................... 109 
Methods ........................................................................................................... 109 
   Assumptions ......................................................................................... 110 
   Input Values ......................................................................................... 110 
  Results ............................................................................................................. 111 
Summary ......................................................................................................... 111 
 
CHAPTER 5:  DISCUSSION AND CONCLUSION .................................................................. 119 
Discussion ................................................................................................................... 119 
Resilience Test/Critical Threshold Assessment ................................................ 119 
   Test 1: Drinking Water MCL ................................................................. 119 
   Test 2: Turfgrass Tolerance.................................................................. 120 
   Test 3: Discharge Regulatory Standard ................................................ 121 
   Microorganism Survivability .................................................................. 122 
Conclusion .................................................................................................................. 125 
Future Work ..................................................................................................... 127 
   Further Modeling .................................................................................. 127 
   Develop Resilience DSS (Decision Support System) ........................... 127 
 
REFERENCES ....................................................................................................................... 129 
APPENDIX A: COPYRIGHT PERMISSIONS .......................................................................... 139 
APPENDIX B: WATER BALANCE INPUTS ............................................................................ 142 
APPENDIX C: CONDUCTIVITY/CHLORIDE CORRELATION INPUTS,  
REGRESSION TABLES, AND GRAPHS ..................................................................... 151 
APPENDIX D: SALT BALANCE INPUTS AND GRAPHS ........................................................ 166 
APPENDIX E: SCENARIO RESULTS ..................................................................................... 170 
APPENDIX F: FDEP COMPLIANCE ASSISTANCE OFFER CLOSURE LETTER 
 AND ENCLOSURES ................................................................................................... 174 
iv 
ABOUT THE AUTHOR .............................................................................................. END PAGE 
  
v 
 
 
 
 
 
LIST OF TABLES 
 
Table 1 Potential Impacts of Climate Change on Water Utilities...................................... 16 
Table 2 Resilience Efforts ............................................................................................... 28 
Table 3 City Background Data ........................................................................................ 59 
Table 4 Water Infrastructure Data ................................................................................... 60 
Table 5 Results From Well Rehabilitation to Extract at Shallow Depths .......................... 61 
Table 6 Summary of Responses Contributing to IUWM Principles .................................. 62 
Table 7 WTP Process Flows Analysis ............................................................................ 79 
Table 8 WWTP Flows Analysis ....................................................................................... 80 
Table 9 Water Balance ................................................................................................... 81 
Table 10 WTP Process Flow Fractionation Analysis ......................................................... 82 
Table 11 WWTP Flow Fractionation Analysis ................................................................... 83 
Table 12 Water Quality Data Collected Throughout the System ....................................... 99 
Table 13 Data Used ......................................................................................................... 99 
Table 14 Accepted TDS Factors by Water Type ............................................................. 100 
Table 15 Measured Conductivity Ranges for the Water Types ....................................... 100 
Table 16 Correlation Coefficient and Regression for Significant Value of  
Correlation ....................................................................................................... 101 
Table 17 Regression Equations for Conductivity Levels ................................................. 101 
Table 18 Statistical Analysis of Observed vs. Predicted Values for Chloride 
  Concentrations (Using Regression Equation) ................................................... 102 
Table 19 Statistical Analysis of Calculated Values for Chloride Concentrations 
(Using Regression Equation)  .......................................................................... 102 
Table 20 Salt Mass Balance Comparison ....................................................................... 108 
Table 21 Correlation Coefficient and Regression for Significant Value of Correlation ..... 112 
vi 
Table 22 Regression Equation Used for Each Water Type ............................................. 112 
Table 23 Observed/Calculated vs. Predicted Values for Chloride Concentrations 
(Using Correlation with RAW Water)  ............................................................... 113 
Table 24 Observed/Calculated vs. Predicted Values for Chloride Concentrations  
(Using Correlation with Concentrate)  .............................................................. 114 
 
Table 25 Salt Fractionation Analysis ............................................................................... 115 
Table 26 Baseline ........................................................................................................... 115 
Table 27 Drinking Water MCL Exceeded ........................................................................ 116 
Table B1 Water Balance Data 2010 (Part 1)  .................................................................. 143 
Table B2 Water Balance Data 2010 (Part 2)  .................................................................. 144 
Table B3 Water Balance Data 2012 (Part 1)  .................................................................. 145 
Table B4 Water Balance Data 2012 (Part 2)  .................................................................. 146 
Table B5 Water Balance Data 2014 (Part 1)  .................................................................. 147 
Table B6 Water Balance Data 2014 (Part 2)  .................................................................. 148 
Table B7 Water Balance Data 2017 (Part 1)  .................................................................. 149 
Table B8 Water Balance Data 2017 (Part 2)  .................................................................. 150 
Table C1 Conductivity and Chloride Measurements 2012 ............................................... 152 
Table C2 Conductivity and Chloride Measurements 2013 ............................................... 153 
Table C3 Conductivity and Chloride Measurements 2014 ............................................... 154 
Table C4 Regression for RAW 2012 ............................................................................... 155 
Table C5 Regression for POTable 2012 .......................................................................... 156 
Table C6 Regression for RWater 2012 ............................................................................ 157 
Table C7 Regression for RAW 2013 ............................................................................... 158 
Table C8 Regression for POTable 2013 .......................................................................... 159 
Table C9 Regression for RWater 2013 ............................................................................ 160 
Table C10 Regression for RAW 2014 ............................................................................... 161 
Table C11 Regression for POTable 2014 .......................................................................... 162 
vii 
Table C12 Regression for RWater 2014 ............................................................................ 163 
Table D1 Salt Balance Data 2012 (Part 1)  ...................................................................... 166 
Table D2 Salt Balance Data 2012 (Part 2)  ...................................................................... 167 
Table D3 Salt Balance Data 2014 (Part 1)  ...................................................................... 168 
Table D4 Salt Balance Data 2014 (Part 2)  ...................................................................... 169 
Table E1 Baseline Scenario ............................................................................................ 170 
Table E2 Drinking Water MCL Exceeded Scenario ......................................................... 171 
Table E3 Turf Grass Tolerance Exceeded Scenario ....................................................... 172 
Table E4 Effluent Discharge Exceeded Scenario ............................................................ 173  
viii 
 
 
 
 
 
LIST OF FIGURES 
 
Figure 1 Resilience of Engineered and Ecological Systems ............................................. 17 
Figure 2 ‘Climate Resilience’ Knowledge Gap .................................................................. 29 
Figure 3 Research Design Schematic .............................................................................. 30 
Figure 4 Model Development Framework ........................................................................ 31 
Figure 5 Chloride Contamination Threats to Water Supply ............................................... 41 
Figure 6 Urban Wellfield and Well Locations .................................................................... 63 
Figure 7 Comparison of 2005 Potable Water Use ............................................................ 63 
Figure 8 Historical Potable and Reclaimed Water Demand .............................................. 64 
Figure 9 Water Recycling – 2012 ..................................................................................... 64 
Figure 10 Segregated Organizational Approach (pre 2010) ............................................... 65 
Figure 11 Integrated Organizational Approach (post 2010) ................................................ 66 
Figure 12 Water Flows Analyzed in the Dunedin Urban Water Cycle ................................. 84 
Figure 13 Detailed Operations at the WTP ......................................................................... 85 
Figure 14 Detailed Operations at the WWTP ..................................................................... 85 
Figure 15 Data Availability ................................................................................................. 86 
Figure 16 Average Annual Rainfall, Pinellas County .......................................................... 86 
Figure 17 WTP/WWTP Water Balance Schematic ............................................................. 87 
Figure 18 Water Balance for WTP and WWTP (2014)  ...................................................... 88 
Figure 19 Rainfall for 2010, 2012, 2014 and 2017 ............................................................. 89 
Figure 20 Water Extraction and Production for 2010, 2012, 2014 and 2017 ...................... 90 
Figure 21 Wastewater Flows for 2010, 2012, 2014 and 2017 ............................................ 91 
Figure 22 WTP Flow Fractionation Hierarchy ..................................................................... 92 
ix 
Figure 23 WWTP Flow Fractionation Hierarchy ................................................................. 92 
Figure 24 Water Quality Points of Interest ........................................................................ 103 
Figure 25 Water Treatment Processes and Sampling Points ........................................... 104 
Figure 26 Schematic for Computing Salinity .................................................................... 104 
Figure 27 WTP/WWTP Salt Balance Schematic .............................................................. 108 
Figure 28 Schematic for Predicting Future Salinity Levels ............................................... 116 
Figure 29 Graphical Comparison Between First and Second Correlation ......................... 117 
Figure 30 Salt Hierarchy .................................................................................................. 118 
Figure 31 Model Baseline ................................................................................................ 123 
Figure 32 Critical Threshold for Drinking Water MCL Exceeded ...................................... 123 
Figure 33 Response to Exceeded Drinking Water MCL  .................................................. 124 
Figure 34 Critical Threshold for Reclaimed Water Exceeded ........................................... 124 
Figure 35 Effluent Discharge Threshold Exceeded .......................................................... 125 
Figure C1 Graphical Comparison Between First and Second Correlation (2012)  ............. 164 
Figure C2 Graphical Comparison Between First and Second Correlation (2013)  ............. 165 
 
  
x 
 
 
 
 
 
ABSTRACT 
 
Reliability of water supply in the urban setting has become essential for communities to 
function and thrive.  It is needed for more than mere human consumption and well-being.  
Although modern cities have water treatment and distribution systems, pressures from 
urbanization, population growth and the anticipated pressures of climate change are affecting the 
quality of water supply and the reliability of treatment and distribution systems.  There is therefore 
an urgent need to take appropriate measures to improve the resilience of water supply systems 
before the impacts are irreversible.   
Improving the resilience of water supply systems can be a challenge.  In the United States, 
there is increased awareness of aging, overtaxed and under designed water infrastructure.  To 
date, resilience planning has been principally focused on improving preparedness and the 
restoration of critical services in communities following extreme events, such as hurricanes, 
earthquakes or terrorism, and less so on the slow-moving consequences of climate change, 
perceived as a less urgent threat.  All these issues – increased pressure of urbanization and 
population growth, deteriorating infrastructure, together with the consequences the impacts of 
climate change may have on water systems and the apathetic view of the need for action – are 
what make the development of a solution difficult. 
This research proposes Integrated Urban Water Management as a new water 
management paradigm as one that can withstand contemporary issues as well as future climate 
threats, while increasing water supply resilience for communities.  This research (1) focuses on 
analyzing the urban water cycle for potential vulnerabilities, (2) seeks to understand the benefits 
and challenges of integrating water infrastructure, (3) tests the level of sustainability in an IUWM 
system, (4) identifies critical thresholds ‘slow-moving’ climate change on water supply 
xi 
infrastructure, (5) performs a system-wide water and salt balance and (6) tests the system for 
resilience to salt water intrusion.   
Since coastal communities are subject to higher population densities, demands on 
resources, and exposed to greater threats than inland communities, this project utilizes a coastal 
community with integrated water infrastructure as a basis to better understand the benefits as well 
as the potential challenges of the proposed future paradigm (IUWM).   
The results of this research show that IUWM offers many options for sustainable practices 
as well as adaptability, a key aspect of resilience.  The conclusions drawn from the scoping study, 
case study and modeling of water and salt flows within the urban water cycle offer relevant and 
transferable lessons for water management in coastal cities while they approach uncertain and 
alternative climate futures.  
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CHAPTER 1:  INTRODUCTION 
 
Reliable water supply has become essential for communities to function and thrive.  It is 
needed for more than mere human consumption and well-being; it is critical for nearly every 
segment of urban life.  Without it, food production, waste management, power generation, air 
conditioning, and a myriad of other necessary urban functions would come to a halt.  Although 
modern cities generally boast from centralized water treatment and distribution, pressures from 
urbanization and climate change are affecting the reliability of water supply.  Considering the 
anticipated urban growth and resulting environmental issues, there is an urgent need to identify 
and determine the necessary elements of an appropriate urban water management paradigm 
before the effects are irreversible (U.S. Water Alliance, 2012).   
Although awareness for the need for the improvement of aging, overtaxed and under 
designed water infrastructure has grown, current efforts have not been focused on improving the 
current design and management of water infrastructure.  Rather, attempts for improvement have 
been limited to developing water conservation strategies and limited investments made in water 
reuse (Center for Sustainable Systems, 2012).  Greater efforts have been put forth on the 
development of drought action plans, the defense against extreme events (i.e. storm surge), and 
the ‘building back better’ of communities at risk.  However, these efforts do not address the implicit 
impacts on the functionality of water infrastructure when subjected to various pressures; an 
essential component of water supply reliability in communities.   
Since coastal communities are subject to higher population densities, demands on 
resources, and exposed to greater threats than inland communities, this project utilizes a coastal 
community as a basis to apply a resilience methodology to better understand the benefits as well 
as the potential negative aspects of the proposed future paradigm: Integrated Urban Water 
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Management (IUWM).  This research seeks to construct a decision support system which 
evaluates water supply infrastructure and strategies while taking into account other necessary 
elements, such sustainability of the environment and the agents that manage water infrastructure 
systems (Tyler & Moench, 2012).  It focuses on climate impacts and physical interdependencies 
on water supply infrastructure from technical and operational viewpoints to that are often 
overlooked.  It utilizes a holistic methodology and framework, assessing both human needs in the 
built environment together with the protection of the natural environment.  The results of this 
research offer relevant and transferable lessons for water management in coastal cities while they 
approach uncertain and alternative climate futures.  
The goals of this research are congruent with the recently adopted goals of federal 
agencies and institutions: 
• “A secure and resilient drinking water and wastewater infrastructure that provides clean and 
safe water as an integral part of daily life, ensuring the economic vitality of and public 
confidence in the Nation’s drinking water and wastewater service….” – Water Sector Vision 
Statement (US EPA, 2010), 
• “Improve climate preparedness and resilience; help safeguard our economy, infrastructure, 
environment, and natural resources.” – Executive Order, Preparing the United States for the 
Impacts of Climate Change (EO 13653, 2013), 
• Make America’s water systems sustainable and secure – EPA’s water program priority FY 
2013 (US EPA, 2012), 
• Protect America’s waters - EPA’s strategic plan goal (US EPA, 2012), 
• “Provide access to clean water; restore and improve urban infrastructure” (National Academy 
of Engineering, 2008), and  
• “Promote sustainability and resilience in infrastructure to protect the natural environment and 
withstand natural and man-made hazards” (American Society of Civil Engineers, 2009). 
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Paradigms are models or approaches that serve as examples of significant design 
practice.  They typically manifest themselves as the result of similar large-scale conceptual 
approaches or design responses to the needs of the time.  To date, there have been four historic 
urban water management paradigms: (1) basic water supply from wells and minimal street 
drainage, (2) engineered water supply with cisterns and aqueducts, (3) fast conveyance with 
minimal to no treatment, and (4) today’s paradigm of fast conveyance and end-of-pipe treatment 
(Novotny, Ahern, & Brown, Water Centric Sustainable Communities: Planning, Retrofit, 2010).  As 
we transition towards a new paradigm, there is a shift away from fast conveyance and end of pipe 
treatment and a transition towards a different way of managing water and designing water 
infrastructure, one that addresses contemporary issues as well as the anticipated pressures of 
future climate.  A combination of drivers has created an unprecedented pressure on cities, 
threatening the ability of water utilities to provide safe, secure, and reliable water supply to 
communities.   At the cross roads of aging infrastructure, increased urbanization and climate 
change, a new paradigm must emerge.   
The Department of Homeland Security has identified the water and wastewater systems 
sector as one of 18 critical infrastructure sectors in the nation (DHS, 2011).  This sector is in itself 
vulnerable, as it is dependent on other sectors to operate and provide necessary services.  It is 
also interdependent between subsystems within its own sector.  Water infrastructure can also be 
vulnerable because of location, generally located near or adjacent to water bodies causes 
systems to be susceptible to threats uncommon to inland locations such as sea level rise, salt 
water intrusion (SWI) to aquifers and other impacts to infrastructure.  Additionally, these 
vulnerabilities are dynamic, changing temporally as time progresses and conditions change 
(Fussel, 2007). 
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Contemporary Water Supply Challenges 
Urbanization and the Urban Water Cycle 
The exponential growth of urban populations contributes to exploitation of natural 
resources and conflicts for the same resource between competing uses, such as power 
producers, irrigation or other high-volume water users (Sandia National Laboratories, 2005; 
Novotny, Ahern, & Brown, Water Centric Sustainable Communities: Planning, Retrofit, 2010).  
Urban dwellers also generate large volumes of waste which must be treated and discharged, 
directly impacting water bodies by diminishing water quality.    
Fifty-two percent of the population in the United States lives in coastal counties (Beatley, 
2009).  With such high population densities, resources can become scarce and overexploitation 
of coastal aquifers can cause permanent groundwater contamination.  Water infrastructure is 
more prone to climate impacts when located on or near the coast. 
Aging Infrastructure 
The water sector is also impacted by aging infrastructure, as water systems are nearing 
the end of their useful life and are falling short in performance.  In many cases, distribution 
systems in the United States are over 100 years old and are often leaking or breaking (American 
Society of Civil Engineers, 2009).  Corroded or leaking water transmission lines, which transport 
water under pressure, lose between 6 and 25% of their finished water through leaks and breaks 
(Levin, et al., 2002).  This issue brings up the question as to whether infrastructure should be 
repaired, replaced in kind, or retrofitted to fit another water management paradigm.  These are 
issues of importance, particularly since infrastructure investments could be serving the public for 
the next century.1 
                                               
 
1 Portions of this chapter has been published by Elsevier.  Diaz, P., & Yeh, D. H. (2014). Adaptation to 
Climate Change for Water Utilities. In S. Ahuja, Water Reclamation and Sustainability (pp. 19-56). San 
Diego.  Permissions can be found in Appendix A. 
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Future Impacts on Water Supply and Infrastructure 
Water Supply 
Climate change adds another layer of pressures to reliable water supply.  Recent reports 
indicate that “water supplies in 70% of counties in the U.S. may be at risk due to climate change 
and approximately one third may be at high or extreme risk.”  (TetraTech Inc., 2010)  Changing 
precipitation patterns have changed so drastically that stationarity, the fluctuation of natural 
systems within fixed yet variable trend, is no longer a reliable way for water managers to predict 
water supplies or to design water related infrastructure (Milly, et al., 2008; Galloway G. E., 2011).  
Salt water intrusion into coastal aquifers is of special concern for coastal communities due to sea 
level rise (NOAA, 2011).  
Water Infrastructure 
Since water services are a critical part of nearly every segment of urban life, it is important 
to climate proof not just the water resources, but also the water infrastructure to withstand climate 
effects.  Critical infrastructure consists of systems, facilities, and assets “so vital that if destroyed 
or incapacitated, it would disrupt the security, economy, public health, safety, or welfare of the 
public”.  These include (1) the built environment (such as structures, energy, water, transportation, 
and communications systems), (2) the natural environment (such as surface or groundwater 
resources), or (3) virtual systems (such as cyber, electronic data, and information systems).  The 
Infrastructure Security Partnership recognizes that “inefficient and deteriorating infrastructures 
that pose significant hazards under normal conditions…would be especially vulnerable under 
stressed conditions” (TISP, 2011).  Therefore, any impacts on the natural, built or virtual 
infrastructure that changes the quality and function of the service it provides and has a negative 
effect on the wellbeing of communities (US EPA, 2012).  Water utilities fit within this category of 
critical infrastructure.   
Although most effects of climate change can vary depending on geographical location, 
there are some impacts that are common to most regions.  Some of the impacts to urban water 
6 
supply are obvious and can be addressed through a water demand forecast/supply assessment 
or the development of a drought action plan.  However, there are also impacts that are not as 
obvious that are often overlooked.  It is these impacts – those that are more technical and 
operational in nature – that are addressed through this research.  Table 1 lists specific impacts of 
the selected climate effects have on drinking water, wastewater and stormwater infrastructure.  
Changes in Precipitation - Flooding 
Impacts on Wastewater Utilities 
Wetter weather can affect wastewater treatment plants through a phenomenon called 
inflow and infiltration (also referred to as I&I).  This occurs when, due to extremely saturated soil 
conditions, additional water seeps in through sewer pipe joints and travels by gravity to the 
wastewater treatment plant, contributing to larger treatment volumes in the plant (deMonsabert & 
Thornton, March/April 1997; Weib, Brombach, & Haller, 2002).  Larger volumes can mean longer 
retention time for treatment and also requires more effort in recovering nutrients.  However, for 
wastewater treatment plants that are limited by saline waste streams (such as those that treat 
concentrate from reverse osmosis water treatment plants); diluted wastewater may actually help 
mitigate salinity.  
Changes in Precipitation - Drought 
Impacts on Drinking Water Utilities 
Drought and extended periods without rain will undoubtedly mean less availability of water 
resources for drinking water production as well as less recharge for groundwater.  Drinking water 
facilities will be impacted by having to meet higher demands and conserve existing supplies.  
Locations with regional water suppliers may look to switch from surface water to groundwater 
pumping during dry spells.  Groundwater pumping can significantly impact sensitive ecological 
areas, such as wetlands.  Unrestricted pumping can lead to overexploitation of groundwater 
sources and ultimately facilitate salt water intrusion and permanently impact coastal aquifers 
(NOAA, 2011).  Overexploitation can also cause sinkholes (Tihansky, 1999).   Another possibility 
7 
for alternate water supply is the use of desalination plants, but as this is energy intensive and is 
more expensive (WateReuse Association, November 2011).  Water quality at intake locations 
may also be an issue; low flows in streams may cause freshwater limits to recede at rivers and 
streams, and for estuarine conditions to creep upstream which may create the need for intakes 
for drinking water to be relocated further upstream (IPCC, 2007; Soileau, Garrett, & Thibodeaux, 
1990). 
Impacts on Wastewater Utilities 
Demands for water may be such that wastewater treatment facilities my need to become 
water suppliers for non-potable applications – such as irrigation or toilet flushing – by recycling 
wastewater (reclaimed water).  Reclaimed water is a drought-proof alternative that can be used 
to substitute potable water in non-potable applications (Uitto & Biswas, 2000).  Reclaimed water 
may also be needed to augment surface and groundwater supplies in order to ensure ecosystem 
services (Dillon, et al., February 2006).  Since flows and water levels will be diminished during 
droughts, more stringent measures may be imposed on wastewater discharges, particularly those 
related to PCPs (personal care products), nitrogen and phosphorus, in order to maintain water 
quality in receiving waters (US EPA, 2013).  Water scarcity may also impact a large portion of the 
world’s population from gaining access to sanitation (Fry, Mihelcic, & Watkins, 2008). 
Sea Level Rise 
Water Quality and Availability 
Sea level is rising mainly because of the melting and retreat of glaciers around the world, 
although thermal expansion is also a contributor.  The rate of rise can vary geographically since 
in some locations, the compression of tectonic plates, land subsidence, or a combination of 
factors (Zerbini, et al., 1996).  Sea level rise affects the water sector in various ways.  First, it does 
not just impact land use and ecology, but also freshwater sources.  Rising sea levels will exceed 
freshwater hydraulic head and allow for salt water intrusion, permanently damaging the 
groundwater supply.  Delta regions with diminished flows from rivers can potentially develop more 
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saline environments at the river mouth with seawater gradually flowing upstream.  Shallow coastal 
aquifers are particularly vulnerable.  Saltwater can move into coastal aquifers either laterally from 
the ocean, upwards through deep saline zones or downwards from coastal waters (Barlow & 
Reichard, Saltwater intrusion in coastal regions of North America, 2010).  Freshwater sources – 
both from surface waters and groundwater – are at risk due to sea level rise main concern for 
water utilities is that coastal regions – deltaic or not – will be vulnerable due to sea level rise.       
Water Infrastructure 
Sea level rise can affect water related infrastructure by intermittent temporary flooding and 
elevated water tables.  Water supply infrastructure, such as wells, pump stations and treatment 
facilities are at risk of impact, primarily because of where they are sited:  along the coast and at 
low elevations.  Intermittent flooding may occur from spring high tides, affecting above-ground 
structures.  Other infrastructure, like the water supply distribution pipes, can be vulnerable to 
corrosion because of exposure to salinity.  Water treatment plants that treat surface water may 
experience changed or fluctuating water quality, due to the upstream migration of saltwater in 
rivers and streams in relation to the location of its intake pipe (Deyle, Bailey, & Matheny, 2007). 
Similarly, sea level rise can also affect wastewater treatment plants because of where they 
are sited:  at a location close to a discharge point near surface water.  Also, plants are generally 
placed at a low elevation because sewer lines are traditionally designed using gravity flow.  
Wastewater utilities will be impacted by I&I, causing salt water to infiltrate through sewer pipe 
joints and reaching the wastewater treatment plant.  The integrity of sewer lines consisting of PVC 
pipe may be affected if not originally installed below the groundwater table, as they may be floated 
by the rising of groundwater tables if not buried with sufficient backfill.  The same buoyancy effect 
may occur with lift station wet wells.  Outfall pipes with submerged invert elevations may require 
a higher pumping rate to counter the increase in sea level (Deyle, Bailey, & Matheny, 2007).  
Finally, higher salinity levels may negatively affect the biological treatment process, potentially 
threatening the survival of the microbes (Lowe, Jain, & Zeikus, June 1993; Kartal, et al., 2006).  
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Higher saline I&I as well as higher level of salinity in brine in the case of plants receiving 
concentrate from RO plant for treatment will bring this about. 
Coastal stormwater systems will also be impacted by sea level rise (Titus, et al., 1987).  
Drainage systems made up of concrete pipe may be damaged due to exposure to salt water 
(Deyle, Bailey, & Matheny, 2007).  Sea water can also travel backwards through the stormwater 
system through discharge pipes and inlets at the coast (also known as tidewater intrusion), and 
cause stormwater pipes to be at capacity in the absence of a rain event.  This is already happening 
in South Florida in Broward and Miami-Dade counties (Shugar & Obeysekera, 2010; SFWMD, 
2009). 
Definitions 
Interdependencies 
Critical infrastructure – such as that in the water sector - is vulnerable to more than just 
natural hazards or climate change.  Modern infrastructure - similar to ecological systems - is 
dependent on other sectors in order to function.  Improving infrastructure resilience depends on 
understanding these dependencies and interdependencies; allowing for fluctuations but ensuring 
the ability and reliability of operation in order to provide essential goods and services despite 
disruptions and failures.  A report on water sector interdependencies listed long-term loss of 
supply, treatment or distribution of water as “consequences of concern” (WEF, 2011). 
According to the EPA, “by definition, infrastructure interdependencies transcend individual 
sectors, they vary in scale and complexity.  Each link in Water Sector infrastructure has important 
and potentially different spatial, temporal and utility characteristics”.  The Water Sector has an 
unusual characteristic in that water can perpetually be reused, causing a unique interdependency 
among water sector subsystems.  For example, discharges from the wastewater treatment plant 
upstream from a drinking water intake can cause an interdependence related to water quality (US 
EPA, 2010). 
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Although there are some slight variations in what interdependent infrastructures consist 
of, they can generally fall into one of three categories:  dependent, interdependent or not 
dependent.  Dependent infrastructure can rely on one or multiple infrastructures, require an input 
of one or more services from another infrastructure or share a component or activity from another 
infrastructure in order to function or deliver a service.  Interdependent infrastructures have “two 
or more physical components or activities that are co-located within a prescribed geographical 
region” (Wallace, Mendonca, Lee, Mitchell, & Chow, 2007).  Interdependence is also described 
as “the interconnected web of infrastructures and environment”; physical linkages between 
infrastructures cause one infrastructure to rely on the output of another in order to operate.  
Therefore, changes in the state of one infrastructure directly influence the other and vice versa 
(Rinaldi, Peerenboom, & Kelly, December 2001).  Lastly, there are some infrastructures that are 
neither dependent nor interdependent with any other infrastructure (Wallace, Mendonca, Lee, 
Mitchell, & Chow, 2007).  Other ways of describing infrastructure interdependencies are “complex 
interconnected infrastructures” and “risk of interoperability”.  In using these definitions, 
interoperability can assume two different conditions depending on the nature of the problem.  In 
the case of the water sector, these can include production level and performance level.  
Production level can be evaluated as “unrealized production divided by the intended production 
level”.  If capturing the quality of the functioning system, contaminated water can be evaluated in 
a similar fashion (Haimes & Jiang, Leontief-Based Model of Risk in Complex Interconnected 
Infrastructures, 2001). 
Vulnerability 
Improving the resilience of coastal communities begins with identifying its vulnerabilities.  
As described in previous sections, coastal locations already place communities and water 
infrastructure systems in a vulnerable situation.  Therefore, when considering assessing 
infrastructure vulnerabilities in an already vulnerable location, it is important to specifically identify 
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the system being assessed, the attribute that is being threatened, temporal references (current 
vs. future or dynamic), and the threat/hazard it is being exposed to (Fussel, 2007; AWWA, 2010). 
Slow-Moving Consequences 
The term slow-moving consequence in this paper is used to differentiate between types 
of impacts caused by extreme events, and those caused by gradual, incremental changes in 
natural systems, such as drought and sea level rise (California State Assembly, 2014). Standard 
responses in the water sector to improve resilience to slow-moving consequences have often 
been reactive and have not fully considered long-term solutions.  For instance, drought and 
extended low precipitation periods are generally associated with water supply shortages and/or 
excessive aquifer drawdown.  Typical adaptation measures in these circumstances often focus 
on conservation, water supply demand forecasting, accumulating storage, supply diversification, 
and implementing drought and water shortage contingency plans (USEPA, 2011; Brown & 
Skeens, 2011; USEPA, 2015).  Similarly, water supply impacts related to sea level rise are often 
associated with SWI in coastal aquifers. SWI is common in coastal locations and is often due to 
supply wells being over-pumped to meet the demands of growing development and population 
densities (Galloway, Ahmed, Groen, & van Winden, 2010).  Remedies for mitigating SWI of 
groundwater resources vary from reducing abstraction to developing alternative sources. 
Integrated Urban Water Management (IUWM) 
Given the above pressures on the water sector, there is a need for improving the current 
water management paradigm with one that addresses all of these issues.  Paradigms are models 
or approaches that serve as examples of significant design practice.  They typically manifest 
themselves as the result of similar large-scale conceptual approaches or design responses to the 
needs of the time.  To date, there have been four historic urban water management paradigms: 
(1) basic water supply from wells and minimal street drainage, (2) engineered water supply with 
cisterns and aqueducts, (3) fast conveyance with minimal to no treatment, and (4) today’s 
paradigm of fast conveyance and end-of-pipe treatment (Novotny, Ahern, & Brown, Water Centric 
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Sustainable Communities: Planning, Retrofit, 2010).  As we transition towards a new paradigm, 
there is a shift away from fast conveyance and end of pipe treatment, and a transition towards a 
different way of managing water and designing water infrastructure, one that addresses 
contemporary issues as well as the anticipated pressures of future climate.  A combination of 
drivers has created an unprecedented pressure on cities, threatening the ability of water utilities 
to provide safe, secure, and reliable water supply to communities.   At the cross roads of aging 
infrastructure, increased urbanization and climate change, a new paradigm must emerge.  
Currently, water resources are managed through three separate infrastructure systems:  
drinking water, wastewater and stormwater.  This segregated method of managing a single 
resource has forced water away from a natural, dynamic and cyclical process, into a fragmented 
and linear type system, where water is extracted from the environment, used, polluted and 
disposed of (IPENz Engineers New Zealand, 2003). Natural systems on the other hand use a 
closed-loop process where resources are constantly recycled, producing an extremely efficient 
cycle; the need for constant replenishment of resources is minimized.  Climate is blind to our 
traditional method of utility segregation.  Integrating water in the urban environment can be an 
effective strategy for increasing resilience in the water sector.  By more closely emulating a 
closed-loop cycle, cities can be more sustainable – or self-sustaining – while also contributing 
towards climate resilience.  In the urban environment, sustainable and integrated water 
management (1) minimizes the amount of wastewater generated, (2) reuses water as close to its 
point of origination, and (3) closely matches the quality of water required for its intended use 
(Veldkamp, Hermann, Colandini, Terwel, & Geldof, 1997; Heaney, Wright, & Sample, 1999).  
Because individual components of the urban water cycle are managed together rather than 
individually, water availability and quality issues caused by urbanization or climate change can 
sometimes be solved simultaneously.  For instance, reclaimed water is a drought-proof alternative 
that can be used to substitute potable water in non-potable applications (Uitto & Biswas, 2000).  
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However, only 2.5 percent of treated wastewater in the United States is currently reused as 
reclaimed water (Center for Sustainable Systems, University of Michigan, 2010).   
There is a movement towards implementing integrated urban water management.  Data 
availability of the individual components of the water cycle allows for interactions between 
subsystems to be examined, understood and predicted (Sheltair Group, 2003; Mitchell, 2006; 
Fletcher & Deletic, 2007; Wong & Brown, 2009; Jimenez-Cisneros, 2011; Tsegaye, Eckart, & 
Vairavamoorthy, 2011; Burn, Maheepala, & Sharma, 2012; van Leeuwen, Frijns, van Wezel, & 
van de Ven, 2012). 
Resilience 
The most common definition for resilience was coined by C.S. Holling as “a measure of 
the persistence of systems and of their ability to absorb change and disturbance and still maintain 
the same relationships between populations or state variables” (Holling, 1973).  In evaluating 
ecosystems, Holling realized that systems can fluctuate greatly, but still functional normally and 
persist.  Considerable work has been done in the area of ecological resilience, focusing on critical 
thresholds that, if crossed, can have sudden and significant impacts (Stockholm Resilience 
Center, 2007; Rockstrom, et al., 2009; Steffen, Rockstrom, & Costanza, 2011).  Further analysis 
has been done on the varying definitions of resilience and how it is applied to different sectors 
(Haimes, 2009; Office of Infrastructure Protection, 2010; AWWA, 2010; Ouyang, Duenas-Osorio, 
& Min, 2012; Office of Infrastructure Protection, 2013; Francis & Bekera, 2014; Tyler & Moench, 
2012).  
In the realm of community and urban planning, resilience is applied in a similar fashion.  
The American Planning Association defines resilience as “the concept that embodies a 
community's ability to bounce back successfully from a disaster. It embraces a number of lessons 
from behavioral sciences and depends in part upon planning, but also upon community attitudes, 
determination, and leadership” (American Planning Association, 2013).  According to Monday, 
resilience is a critical component of community sustainability (Monday, 2002; State of Oregon, 
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2013).  This becomes obvious when one considers that people – a city’s most important asset – 
is a very necessary component for a thriving community.  After almost every significant disaster, 
there is temporary and sometimes permanent outmigration of residents, which contributes to the 
detriment entire geographical areas.  Therefore, a primary concern of any community is to insure 
the delivery of basic services, such as water supply.  There is a growing trend toward achieving 
resilience in different realms.  Urban locations are facing challenges of both a natural and 
anthropogenic nature and suffer more acute impacts because of high population densities and 
dependence on complex infrastructure networks required for common functions.  The smallest 
disturbance can hinder critical infrastructure systems and halt essential services.  Although cities 
have always faced these issues to some degree, accelerated growth of population and demand 
for resources require an improved plan for improving reliability, particularly those related to water 
supply.  Coastal environments are of particular concern, since coastal cities are generally higher 
in population density, exert greater pressures on water resources, possess altered urban 
hydrology, discharge more pollution to urban waters and have greater susceptibility to hazards, 
such as storm surge and sea level rise (NOAA, 2011; Pine, 2011; Jimenez-Cisneros, 2011; 
NOAA/EPA, 2012). 
Yet another realm where resilience is used is all hazards disaster resilience; it is defined 
as any significant threat, natural or manmade, that disrupts the public health, safety, economy or 
the environment.  Examples of these hazards include natural disasters, such as hurricanes, or 
terrorist attacks, system failures, or infrastructure deterioration.  A common approach to improve 
resilience to this type (a shock or disruption) is that of mitigation, which implements measures 
before, during or after an event of this type (Godchalk, 2003; Beatley, 2009; TISP, 2011; Novotny, 
2008). 
Figure 1 illustrates the resilience of engineered and ecological systems, using a ball and 
cup diagram.  Engineered systems are designed to maintain a desired steady state (the bottom 
of the cup where the black ball typically resides), while ecological systems can fluctuate within a 
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regime as long as it does not exceed a given threshold.  Engineered water systems, connected 
by infrastructure to natural systems, are subject to the natural systems’ fluctuations, which can 
therefore affect the water utility’s resilience and operability.  If water quality indicators exceed 
design parameters, the engineered system could fail because of a seemingly small margin of 
change (Liao, 2012).  It is often difficult to discern the slow-moving consequences of change in 
natural systems and the resulting impacts on engineered systems.  Ensuring the resilience of 
water supply systems is further complicated by the fixed range of design parameters within which 
they typically operate.  Impacts may not become apparent until well after the water supply is 
compromised.  The term resilience is defined and used in many ways, but as applied in the water 
sector, is “the ability of an asset or system to withstand an attack or natural hazard without 
interruption [to its] function.”  Although water systems can experience various types of disruptions, 
restoration of functionality can be measured by each community, whether it be hours of operation, 
owner’s financial loss, or other means (AWWA, 2010). 
Sustainability 
Similar to resilience, the word sustainability has been defined in many ways depending on 
the field in which it is being applied (Mihelcic, et al., 2003).  The most recognized definition is that 
of sustainable development, introduced by Prime Minister Gro Harlem Brundtland, "development 
that meets the needs of the present without compromising the ability of future generations to meet 
their own needs” (United Nations World Commission on Environment and Development, 1987).  
However, the Federal Leadership in Environment, Energy and Economic Performance has based 
its definition on Executive Order 13514: “create and maintain conditions, under which humans 
and nature can exist in productive harmony, that permit fulfilling the social, economic and other 
requirements of present and future generations” (US White House - Federal Leadership in 
Environmental, Energy and Economic Performance, 2009). 
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Table 1 – Potential Impacts of Climate Change on Water Utilities 
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Figure 1 -  Resilience of Engineered and Ecological Systems 
(Liao, 2012) 
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CHAPTER 2:  RESEARCH OVERVIEW 
 
Gap in Knowledge 
Although research in resilience is becoming quite extensive, there are obvious gaps in 
area of community resilience.  First, scholars in the field of community development and water 
infrastructure which seek to improve resilience have not yet adequately addressed resilience of 
water infrastructure and supply reliability to the ‘slow-moving’ impacts of climate change.  A recent 
report issued by the Hurricane Sandy task force states, “More than ever, it is critical that when we 
build for the future, we do so in a way that makes communities more resilient to emerging 
challenges such as rising sea levels” (Hurricane Sandy Rebuilding Task Force, 2013).  While 
infrastructure is defined as a vital and critical set of assets that support communities and exists 
for the public’s economy, health, safety and welfare, there is also an obvious gap on improving 
the reliability of how water infrastructure can continue to reliably operate despite the ‘slow-moving’ 
impacts of climate change (TISP, 2011).  The proposed research addresses this gap as illustrated 
by the shaded area in Figure 2.   
The Infrastructure Security Partnership has identified infrastructure independencies as 
one of the three factors that needs “development of a holistic, regional approach”.  
Interconnectivity creates “unexpected vulnerabilities and significant consequences.   Among the 
needs, are “refined and proven tools and methodological approaches for use at the local level 
that can assess impacts, including … interdependencies and associated vulnerabilities under 
steady-state conditions” and the “development of improved modeling and simulation 
capabilities…to enable quantitative and qualitative assessments to make informed decisions” 
(TISP, 2011).  Further, although there has been much research in the area of improving 
infrastructure networks and impacts from hazards, threats and attacks, there is also an obvious 
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gap on fully understanding the interdependencies within water subsystems related to reliable 
water production and performance.  Improving the technical and operational understanding of 
vulnerabilities and critical thresholds in the realm of water supply interdependencies is yet to be 
identified and tested.  Given the complex nature and deeply interconnected nature of water supply 
in dense urban areas, this is of great importance.   
Without a better understanding of all these issues – integration of centralized systems, 
vulnerabilities due to climate and interdependence, and tradeoffs in sustainability when ensuring 
reliable water supply - there is inadequate knowledge of water resilience and leaves communities 
unprepared for the effects of uncertain and alternative futures.  Given that water supply failure 
can negatively impact communities in multiple sectors (i.e. the economy, public health, etc.), the 
water sector should take the lead in improving resilience of communities (Muller, 2007). 
Literature and industry reports show that climate resilience is generally divided into two 
categories: (1) all hazards disaster resilience or (2) climate resilience, as shown in Table 2.   
Disasters, such as the attacks of nine-eleven (911) or especially destructive hurricanes, 
have caused national preparedness and resilience of critical infrastructure to become a priority.  
President Obama has issued policies, directives, and even created a Climate Change Adaptation 
Task Force in order to ensure appropriate measures are implemented (State, Local, and Tribal 
Leaders Task Force on Climate Preparedness and Resilience (Task Force), 2014; White House, 
2012; PPD-8, 2011; TISP, 2011; TISP, 2013).  As a result, much work is being done in this realm 
(as illustrated in Figure 2 by the letter A) by several agencies; focused on improving disaster 
resilience by developing guides, tools and risk analysis for critical infrastructure, including the 
water sector.  For instance, in 2010, the EPA released two tools:  the Tabletop Exercise Tool for 
Water Systems: Emergency Preparedness, Response, and Climate Resiliency (TTX Tool) in 
order to provide water utilities the ability to improve their emergency response plan procedures.  
This tool was enhanced in 2010 with scenarios to address an all-hazards approach to 
preparedness and response in emergencies (US EPA, 2010).  The EPA has also developed a 
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Climate Resilience Evaluation & Awareness Tool (CREAT) which evaluates the risk of impacts 
from climate related threats to water utilities (US EPA, 2012).  FEMA has also developed a tool 
called HAZUS which is useful estimating potential losses from disasters and hazards such as 
earthquakes, hurricanes and floods.  This tool was developed to assist emergency managers in 
preparedness and response to hazards as well as mitigation and recovery processes (FEMA, 
2012).  Other agencies, such as the National Academy of Sciences, the American Water Works 
Association (AWWA), the association of Climate Change Officers and the Infrastructure Security 
Partnership have developed publications, guides, and workshops which guide communities 
toward improved resilience of critical infrastructure in the United States (TISP, 2011; National 
Academy of Sciences, 2012; ACCO, 2012; AWWA, 2010; AWWA, 2012).  As evidenced through 
this summary, what has been termed as climate resilience is geared more towards the effects of 
extreme events due to climate. 
Climate resilience, however, also includes a different set of effects (as illustrated in Figure 
2 letter B) such as changes in precipitation (drought or flooding), temperature and sea level rise, 
which are often referred to as ‘slow-moving’ impacts (U.S. Global Change Research Program, 
2009).  Stationarity – another slow-moving impact – is the idea that the natural systems fluctuate 
within an unchanging envelope of variability.  It is no longer a reliable way to predict water supplies 
or to design water related infrastructure (Muller, 2007; Deyle, Bailey, & Matheny, 2007; Galloway 
G. E., 2011).  Few address these types of issues.  Common strategies for addressing these types 
of impacts include adaptation, mitigation or a combination of both (Sheltair Group, 2003; Berke & 
Campanella, 2006; Muller, 2007; Crichton, 2007; Newman, Beatley, & Boyer, 2009; Pine, 2011; 
Charlton & Arnell, 2011; Leichenko, 2011).   
Research Objectives 
This research will seek to remedy this gap in knowledge by closely examining the benefits 
and potential negative aspects of IUWM in the contemporary setting as well as anticipating the 
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future impacts of climate change to water supply.  To do so, the following objectives have been 
identified as main tracks that are to be accomplished with this research: 
• Objective 1: Map and analyze vulnerabilities due to interdependence of critical infrastructure 
systems and processes that provide water supply to communities.  Modern infrastructure – 
similar to ecological systems – can be very complex, and thus, difficult to identify 
vulnerabilities and critical thresholds in which they operate.  It is important to map the 
pathways in which SWI affects water supply infrastructure is affected in different settings. 
• Objective 2:  Understand the benefits and challenges of integrating the water treatment plant 
and the wastewater treatment plant (IUWM).  Integrating water in the urban environment can 
be an effective strategy for solving water availability and quality issues caused by climate 
change.  However, while integration could improve reliability of supply and conserve water, it 
could also inadvertently cause other operational issues.  For instance, the water and 
wastewater treatment plants are inextricably bound by the byproduct stream produced by the 
reverse osmosis water plant.  Since the high concentration of dissolved solids in the waste 
streams can adversely affect the microorganisms (at the WWTP), the volume and the timing 
of when the byproducts are sent must be coordinated with the WWTP.  In essence, the City’s 
ability to provide drinking water is not only dependent on the availability of source water, but 
also on the WWTP’s ability to assimilate the waste streams. 
• Objective 3:  Identify sustainable practices available to IUWM systems.  An analysis of 
sustainable practices at a location where (1) IUWM has been implemented (2) at a vulnerable 
location will be carried out. 
• Objective 4:  Perform a system-wide water and salt balance.  Literature mentions that water 
balance of most cities is not well known and that an analysis of the balance over time could 
help identify trends and impacts to key characteristics and potential of the cycle, such as the 
potential for wastewater to meet total water demand (Kenway, Gregory, & McMahon, 2011).  
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Additionally, interactions between individual components of the urban water cycle are better 
understood and it also serve to validate the data.  The water and salt balances in this research 
are essential in constructing the model to simulate future climate scenarios. 
• Objective 5:  Identify critical thresholds and the effects of ‘slow-moving’ climate change on 
water supply infrastructure.  Climate impacts the urban water cycle and water infrastructure 
in dynamic ways that affect water supply efforts in communities.  Some of these impacts are 
‘slow-moving’ are not explicitly identifiable in the operations of water supply infrastructure.  
One example is sea level rise.  For coastal communities that depend exclusively on 
groundwater from sensitive coastal aquifers, salt water intrusion can slowly occur and impact 
water quality, affect production of water and cause infrastructure or operations.  Therefore, 
various climate scenarios which affect water quality and quantity will be simulated using a 
model simulation based on a coastal city.   
• Objective 6:  Test the system for resilience to salt water intrusion into the aquifer due to the 
‘slow-moving’ impacts of climate change.  A vulnerable system is crippled at the smallest 
disturbance (Wong & Brown, 2009).  However, when a system is resilient, major disturbances, 
such as SWI can be overcome because of the system’s adaptability.  The IUWM urban water 
cycle is tested for adaptability to impacts of SWI. 
Expected Outcomes 
The results from the proposed research has the potential to be quite significant.  A holistic 
framework that water managers and planners can use to make decisions with regard to water 
management options could have a strong impact for resilient strategies to be adopted.  This 
research will also play a very important in advancing knowledge and understanding in the field of 
engineering as well as across different fields: 
• Engineering and Water Management – Contribute towards (1) an improved water 
management paradigm; one which addresses which addresses contemporary urban issues 
such as high urbanization and impacts of climate change, (2) the advancement of sustainable 
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water supply, which considers human needs as well as environmental impacts, (3) improved 
design standards for critical infrastructure related to water supply and (4) improved economic 
performance of water utilities.   
• Policy making – Evaluating drivers, pressures and impacts to water supply infrastructure will 
(1) delineate adequate policy responses to contemporary challenges and (2) avoid the 
unintended consequences of ineffective policies and decisions.  A thorough analysis of the 
urban water cycle the basis for performance indicators for cities; water use, energy use, 
greenhouse gas and nutrient balances can be extrapolated from such an analysis (Kenway, 
Gregory, & McMahon, 2011). 
• Critical infrastructure – Further understanding on the interdependencies of infrastructure in 
the water sector, not just for hazards and extreme events, but also for anticipated ‘slow-
moving’ impacts.  It will drive future design paradigms towards resilient interdependent water 
infrastructure, help understand which impacts are positive and which are negative, and 
contribute towards the development of adaptation plans for water utilities. 
Research Questions 
There is an increasing need for measuring infrastructure investment and capacity along 
with ensuring its ability to adapt to future and alternative climate futures.  However, there is limited 
data and experience in adaptation towards improved resilience for water utilities.  In order to 
properly plan and design resilient water systems, it is important to analyze systems (urban and 
natural), agents (stakeholders) and institutions (municipalities), all of which are important 
elements in successful implementation (Tyler & Moench, 2012).  It is equally as important to 
consider not just contemporary issues, but to look further to future needs of water systems and 
then develop plans on how to transition towards new and improved paradigms (Ferguson, Brown, 
Frantzeskaki, de Haan, & Deletic, 2013; Ferguson, Frantzeskaki, & Brown, 2013).  
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The proposed research will thoroughly examine IUWM as a possible contender for the 
ideal water management paradigm that can address contemporary and future urban water 
management needs.  This research will seek to answer these questions:  
• Does IUWM contribute towards increased water supply resilience for communities?  Is it truly 
more sustainable? 
• Does the integration of water utilities cause systems to become more complex, 
interdependent, and therefore more fragile? 
• Is IUWM the future water paradigm that can withstand contemporary issues as well as future 
climate?  
Research Design 
This research presents a study site in a coastal community as the basis for which to better 
understand the benefits as well as the potential negative aspects of Integrated Urban Water 
Management (IUWM).  It analyzes the vulnerabilities of IUWM against contemporary and future 
pressures to help establish a future water management paradigm, seeking to identify appropriate 
strategies and essential elements for future design, integration, management, operation and 
policy (Tyler & Moench, 2012).   
The approach for this project is divided into two parts:  the contemporary setting and future 
context.  As illustrated in Figure 3, a research plan has been crafted to fully examine, understand 
and predict interactions in the water cycle.  Given the complex nature of water supply to urban 
areas, particularly those in coastal settings, the proposed research project has been crafted to 
provide a holistic analysis of water supply issues as identified in the objectives.   
Data Collection 
Scoping Study 
This portion of the research focuses on the contemporary challenges faced by water 
utilities in different regions of the United States related to increasing chloride concentrations.  
Although these slow-moving climate impacts have not yet occurred, similar effects are being 
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experienced in different parts of the United States.  A survey of historic and current the operational 
challenges in vulnerable locations, solutions implemented, and the adaptive measures 
considered in response to elevated chloride levels were evaluated and organized using the 
DPSIR systems thinking framework (UNEP, 2002; US EPA, 2012).    
Tasks related to this phase include: (a) a literature review of sector related directives, 
documents and goals related to slow-moving climate change, and (b) interviews with water utility 
practitioners/managers at critical locations, such as coastal and delta regions where impacts of 
interest are most prominent, will be conducted.  Locations of interest include those along coastal 
areas (southern Florida), arid areas (California and Texas) and low-lying areas (i.e., the 
Mississippi).  Interview questions and subsequent data analysis will be crafted to glean practical 
operational knowledge and successful strategies related to issues of maintaining performance 
and production targets and categorized using the DPSIR process (UNEP, 2002; US EPA, 2012).   
Case Study 
A case study of an IUWM system which exemplifies the effects of a highly-urbanized 
environment, the vulnerabilities of a coastal location, and a nearly closed-loop integrated urban 
water system on which to test for sustainability using the 3Rs principle (UN Center for Regional 
Development, 2012-2017).  This portion of the research provides responses to the impacts 
brought forth in the scoping study (UNEP, 2002; US EPA, 2012).  Tasks in this portion of the 
research include: 
• Water Data - collected from the City’s Smart Water Grid System (AMR – Automatic Meter 
Reading) and other data tracking systems on groundwater withdrawals, customer demands, 
wastewater recycling and discharges.  Salt concentrations at different locations throughout 
the system was also be obtained. Maps and other relevant documents related to the City’s 
urban water systems, including logs from its water and wastewater treatment plants, weather 
data, and stormwater master plans will be obtained. 
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• Survey City’s infrastructure - Dunedin’s key water infrastructure will be visited, including 
wellhead sites, water treatment plants, water storage tanks, discharge points, lift stations, etc. 
in order to become familiar with the infrastructure.  Characterize city’s assets, its critical 
functions and supporting infrastructure. 
• Interview City personnel - Conduct interviews and meetings with city water managers and 
operators, as well as sustainability coordinators and City urban planners.  This is essential for 
understanding operations and spatial structure of water infrastructure. 
• Document background data - Conduct a literature review of the City’s documents.  Document 
relevant water management background data and challenges. 
Model Development 
The model development differs from what was originally proposed due to issues with 
software glitches and lack of support from the software company.  With the use of Microsoft Excel, 
formulas and algebraic equations had to conceived for this application.  Figure 4 illustrates the 
steps taken to construct the model. 
The proposed water balance model was constructed to emulate the consumption and 
movement of water through the City of Dunedin’s urban water infrastructure including interactions 
across the water cycle.  Historical data from the water and wastewater treatment plant, which 
extends approximately 10 years, was used.  Although at a monthly time scale and at the City 
level, it provides an accurate depiction of water extraction and use (both potable and reclaimed) 
within the City from the water manager’s perspective.  The model also includes a salt mass 
balance since this contaminant could be a limiting factor in the production of drinking water (in 
both contemporary and future climate scenarios).  Once complete, the model will provide: 
• a baseline of water consumption,  
• salt concentrations throughout the system, and 
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• scenario runs that test for resilience, bringing forth climate related vulnerabilities that critically 
affect water supply in urban environments. 
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Table 2 - Resilience Efforts 
  Organization Product Name 
Intended 
Audience Purpose 
Year 
Released 
Source 
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e
 
AWWA Network WARN (Water/Wastewater Agency Response 
Network) 
Water Utilities A method of providing and receiving emergency aid. Varies by 
State 
AWWA, 
2016 
AWWA Standard/ 
Framework 
J-100 RAMCAP (Risk Analysis and 
Management for Critical Asset Protection) for 
Risk and Resilience Management of Water and 
Wastewater Systems 
Water Utilities Analyzes and manages risks associated with terrorist 
attacks and natural hazards. 
2010 AWWA, 
2010 
AWWA Manual of 
practice 
M36 Water Audits and Loss Control Programs, 
Third Edition 
Water Utilities Provides complete operational guidance and data on 
all aspects of leak detection, water audits, and water-
loss control for city water utilities. 
2009 AWWA, 
2009 
AWWA Report Superstorm Sandy After-Action Report Utilities/State and 
Federal Partners 
Outlines lessons learned and actions in relation to 
intense storms that can be taken, to reduce 
consequences and increase resilience in the water 
sector in the future. 
2013 AWWA, 
2013 
USEPA Workshop 
Synthesis 
Report 
Planning for an Emergency Drinking Water 
Supply 
Water Utilities Provides direction to water utilities to develop an 
emergency plan in case of an intentional disruption 
of water supply, or earthquakes, etc. 
2011 USEPA, 
2011 
USEPA Tool TTX Tool (Tabletop Exercise Tool for Water 
Systems: Emergency Preparedness, 
Response, and Climate Resiliency) 
Water Utilities Improves utilities’ approach to preparedness and 
response in emergencies. 
2005 (Re-
released 
2010) 
USEPA, 
2015 
USEPA Tool CREAT (Climate Resilience Evaluation & 
Awareness Tool) 
Water Utilities Evaluates the risk of impacts from climate related 
threats. 
2010 USEPA, 
2015 
FEMA Tool HAZUS (Hazards - United States) Emergency 
managers 
Assists in preparedness and response to hazards as 
well as mitigation and recovery processes.  
Estimates potential losses from disasters and 
hazards (earthquakes, hurricanes and floods). 
2010 FEMA, 2015 
NAS Brief Disaster Resilience: A National Imperative Communities (1) defines “national resilience” and frames the main 
issues related to increasing resilience in the USA; (2) 
provides goals, baseline conditions, or performance 
metrics for national resilience; (3) describes the state 
of knowledge about resilience to hazards and 
disasters; and (4) outlines additional information, 
data, gaps, and/or obstacles that need to be 
addressed to increase the nation’s resilience to 
disasters. 
2012 National 
Academy of 
Sciences, 
2012 
TISP Guide Regional Disaster Resilience Organizations and 
communities 
Describes a step-by-step process to develop a 
cross-sector, multi-jurisdiction strategy, to improve 
capabilities to deal with major incidents or disasters. 
2011 TISP, 2011 
C
li
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a
te
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e
s
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n
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e
 ACCO Workshop 
Synthesis 
Report 
Defense, National Security & Climate Change:  
Building Resilience and Identifying 
Opportunities Related to Water, Energy and 
Extreme Events 
Defense Summarizes a workshop analyzing the effects of 
climate change on defense operations and how to 
incorporate solutions in planning. 
2012 ACCO, 
2012 
USEPA Initiative (with 
tools, 
resources and 
training) 
CRWU (Climate Ready Water Utilities) Water Sector Provides resources by promoting a clear 
understanding of climate science and adaptation 
options, and by promoting consideration of 
integrated water resources management (IWRM) 
planning in the water sector. 
2009 USEPA, 
2013 
USEPA Document Adaptation Strategies Guide for Water Utilities Water Utilities and 
stakeholders 
Overview of what impacts from changes in the 
climate may have on utilities and common adaptation 
options being implemented. 
2012 USEPA, 
2015 
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Figure 2 – ‘Climate Resilience’ Knowledge Gap 
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Figure 3 - Research Design Schematic 
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a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
 
Figure 4 – Model Development Framework 
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CHAPTER 3:  DATA COLLECTION 
 
Scoping Study: Salinity and Consequences to Water Utilities in the United States 
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Introduction 
Chloride contamination is not limited geographically to coastal locations or to drought 
areas.  USEPA estimates that “two-thirds of the continental United States is underlain by saline 
waters that can intrude into fresh water supplies” (USEPA, 1999).  Chloride contamination has 
been reported in nearly every state in the USA, and can usually be attributed to anthropogenic 
causes, such as over-abstraction, or stormwater runoff containing roadway deicers or fertilizers 
                                               
 
2 Portions of this chapter has been published by Elsevier and the International Water Association.   
Diaz, P., Morley, K. M., & Yeh, D. H. (2017). Resilient urban water supply: preparing for the slow-moving 
consequences of climate change. Water Practice & Technology, 123-138. 
Diaz, P., Stanek, P., Frantzeskaki, N., & Yeh, D. H. (October 2016). Shifting paradigms, changing waters: 
Transitioning to Integrated Urban Water Management in the Coastal City of Dunedin, USA. Sustainable 
Cities and Society, 555-567.  Permissions can be found in Appendix A. 
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(Todd, 1960; Anning & Flynn, 2014).  In drinking water, chloride can have aesthetic impacts when 
concentrations exceed 250 mg/L. Under the Safe Drinking Water Act (42 U.S.C. §§300f to 300j-
26), chloride is managed as a secondary drinking water standard.  Secondary standards are set 
to provide guidance on removing nuisance contaminants to levels that most consumers will find 
acceptable (USEPA, 2013).  Substantial action is often taken to maintain chloride concentrations 
below the secondary standard to ensure consumer satisfaction with finished water quality. 
Health and aesthetics are not the only reasons that chloride is a threat to drinking water 
systems. It can also cause corrosion of drinking water infrastructure with negative effects on 
system integrity (Bonds, Barnard, Horton, & Oliver, 2005).  There are concerns with the potential 
corrosion of iron pipes resulting in the presence of toxic heavy metals, such as iron and zinc, in 
drinking water, the presence of which renders it aesthetically undesirable for consumption 
(Kirmeyer & Logsdon, 1983). 
Given the risk of chloride contamination, coupled with the evolving risks from climate 
change impacts, challenges, adaptation responses and related operational strategies applied by 
water systems need to be examined and documented.  Utility experiences throughout the United 
States provide a learning opportunity to enhance preparedness for the future.  Integrating 
potential climate change consequences into decision-making is necessary to ensure long-term 
resilience in the water sector.  Considering climatic impacts that could influence chloride 
concentrations, the aim of this scoping study was to (1) identify indicators of disruption or reduced 
water service reliability, and (2) identify successful adaptation measures that may inform utilities 
evaluating options to manage the consequences of slow-moving climatic impacts. 
Survey of Water Utilities 
In order to improve water utility resilience to climate change consequences, this literature 
review was used to evaluate adaptation responses to drought and sea level rise.  Survey 
questionnaires were also distributed and interviews conducted with water professionals to glean 
first hand observations and information.  The information collected about the adaptive measures 
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employed by utilities has been compiled in Figure 5, which provides an overview of the issues 
addressed and shows how the issues leading to salinity impacts on water supply are often inter-
related.  The primary focus was to identify indicators associated with the functional, operational 
and physical impacts that a water utility may experience.  Water utilities across the United States 
have sought solutions to elevated chloride levels arising from many causes.  Such actions were 
identified to glean information on useful practices and seek out potential survey respondents.  
Surveys and interviews were conducted to provide as near term as possible review of current 
utility activities. The questions elicited indicators or action trigger points related to salinity that 
could hinder functionality, and the measures used to overcome them.  Supplementary reports and 
publications were also obtained to better define response actions. 
Chloride Contamination: The Common Denominator 
Elevated chloride concentrations have many causes.  Those discussed are highlighted in 
Figure 5.  For instance, SWI occurs when saline water moves into a body of fresh water, raising 
the chloride concentration.  Increased salinity, affects the aesthetic quality of drinking water 
negatively.  Salt water can intrude laterally or vertically (upward or downward) from ground- or 
surface- water sources, most often in coastal regions (Todd, 1974; Barlow, 2003; Johnson, 2007; 
Barlow & Reichard, 2010).   
Increased chloride levels in coastal aquifers are primarily caused by over-abstraction, 
which lowers the water table, enabling seawater infiltration and contamination.  Since seawater 
is denser than freshwater, a relatively tall freshwater column above sea level generally inhibits 
saltwater intrusion into fresh aquifers.  Over-abstraction has already caused “permanent” 
contamination of several aquifers in urbanized coastal locations (Barlow & Reichard, 2010).  The 
Upper Floridan Aquifer, the drinking water source for approximately 10 million people in Florida, 
Georgia and South Carolina, is just one location where this has occurred.  Distance from the 
coast, however, does not equate automatically to immunity from SWI.  The Monterey/Salinas 
Valley in California has also suffered SWI because of over-abstraction, and seawater has intruded 
 35 
 
up to 5 to 8 km (3 to 5 miles) inland (Nico Martin, 2014).  Freshwater aquifers that are below sea 
level can also be susceptible to chloride contamination, as in the Carpinteria Groundwater Basin, 
California and the Biscayne Aquifer, southern Florida (Trimble, Santee, & Neidrauer, Spring 1998; 
Deyle, Bailey, & Matheny, 2007).  
While snowfall has diminished in many parts of the United States, there is more winter 
rain (USEPA, 2016).  Winter rainfall often leads to icy roads that require treatment and salt is a 
common deicing agent.  The runoff from melting snow and ice transports dissolved salts and other 
contaminants into urban waters, significantly increasing chloride concentrations. Dissolved salts 
in lakes and streams can permeate through soils, and eventually into groundwater (Hammann & 
Mantes, 1966; Terry, 1974; Godwin, Hafner, & Buff, 2003).  There are also concerns about these 
salts corroding water distribution networks (Bonds, Barnard, Horton, & Oliver, 2005; Muylwyk, 
Sandvig, & Snoeyink, 2014).   
Response Strategies Implemented by Water Utilities 
The investigation of water utility strategies to address various impacts yielded useful 
results for dissemination about preparing for future impacts.  Detailed information from over thirty 
utilities was collected (Diaz, Morley, & Yeh, 2017). 
Responses Addressing Lateral and Vertical SWI 
Adaptation measures implemented in response to SWI by water utilities are often similar 
for both ground- and surface- waters.  Protection from saltwater migration has required physical 
barriers.  Solutions for lateral SWI have included bentonite slurry walls (due to over-abstraction) 
and tide gates (in tidal canals) to protect freshwater sources in California and Florida (Deyle, 
Bailey, & Matheny, 2007; Galloway, Ahmed, Groen, & van Winden, 2010; GPI Southeast, Inc., 
2012).  In Louisiana, the Army Corps of Engineers has built and rebuilt a sill several times for a 
14 m (45 foot) section of channel in the Mississippi River.  It was rebuilt in 1999 and 2012, due to 
erosion caused by flow increases following drought, and is expected to require restoration 
approximately every 5 years.  The estimated cost of the original sill – 1988 – was $800,000 
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(Soileau, Garrett, & Thibodeaux, 1990; US Army Corps of Engineers (USACE), 2015).  Physical 
barriers have also been installed on the Sacramento and San Joaquin rivers as emergency 
measures, when surface waters have receded during drought, potentially enabling seawater 
encroachment (Croyle, 2015). Other types of physical barrier include freshwater injection into 
purpose-built wells along the coast, as a barrier between sea- and ground- water – e.g., the 
groundwater replenishment system built by the Orange County Water District (California, USA) 
(Chalmers, Patel, & Cutler, 2010).  Basins on the central and west coast of California installed 
similar SWI barrier wells in the 1950s and 60s as a mitigation measure. They consisted of 290 
injection wells up to about 210 m (700 ft) deep along 27 km (17 miles) of the coast.  Both potable 
and reclaimed water, the latter extensively treated, are injected. This cost approximately $14 
million in 2007/2008, with $5 million in annual maintenance (USEPA, 1999; Johnson, 2007).   
Integrated solutions beyond monitoring are often required to ensure resilience.  In 
Southern California, the economy depends on groundwater irrigation of high-value, salt-sensitive 
crops, and a groundwater management plan was implemented.  Although the water table 
elevation remained relatively consistent, chloride concentrations in the Monterey and Salinas 
Valley kept rising (Nico Martin, 2014) because seawater was intruding upward from below.  An 
integrated adaptation measure was adopted which supplies reclaimed water for irrigation to offset 
potable water use (Feldsher & Wu, 2010; MCWRA, 2016). The Salinas Valley Water Diversion 
Project augments this by diverting excess surface water flows during wetter periods.  The project 
included a rubber dam designed to retain water released from two reservoirs.  When activated, it 
creates a detention pond and mixes diverted water with reclaimed water for irrigation when 
needed.  In combination, these projects provide multiple benefits:  retarding SWI into aquifers, 
reducing groundwater demand, ensuring reliable alternative irrigation sources, and minimizing 
wastewater discharges into the Monterey Bay National Marine Sanctuary. 
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Responses to Over-abstraction 
Coastal aquifer SWI due to over-abstraction can yield insights into salinity that may be 
caused by sea level rise.  The Upper Floridan Aquifer, a primary water source in Florida, Georgia 
and South Carolina, was first pumped in the 1800s and has been used extensively ever since.  
High demand has led to over-abstraction causing SWI in Brunswick, Georgia, and elsewhere.   
High chloride concentrations, sometimes exceeding 2,000 mg/L, have increased source 
sensitivity awareness.  Further development has been limited since then, with real time water 
level and quality monitoring equipment installed as part of an early warning system.  The USGS 
(United States Geological Survey) monitors the data and maintains the equipment (USGS, 2015).  
Industrial consumption has also been reduced by between 25 and 50% as part of the regional 
Coastal Georgia Water & Wastewater Permitting Plan for Managing Salt Water Intrusion (GAEPD, 
2006). This included mandatory audits by Georgia Environmental Protection Division (GAEPD) 
when industrial permit holders’ groundwater abstraction permits needed renewal and, potentially, 
revised permit/use conditions, as well as new abstraction limits.  Abstraction was also moved to 
shallower sources, e.g., local surficial aquifer systems, where SWI is less likely to be a problem.  
The plan’s primary focus was to stabilize and reverse SWI by managing the urban water cycle, 
involving water conservation and wastewater reuse, as well as surface- and ground- water 
abstraction permitting.  The plan includes policies and actions for managing wastewater 
discharges into sensitive ecosystems in coastal Georgia.  
Wichita (Kansas) monitors a chloride plume caused by a variety of activities, as well as 
natural salt deposits and sporadic drought.  The USGS simulated chloride transport over 18 years 
and modeled wellfield management scenarios to control groundwater levels and chloride 
movement.  Scenarios were designed to determine the aggravation causes (groundwater 
abstraction in different locations) and the best response (e.g., amount of artificial groundwater 
recharge).  Similar work has helped not only define and understand the water quantity and quality 
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needed to ensure supplies, but also provide information on the effectiveness of aquifer storage 
and recovery in other states (Lavista, 2014). 
Responses to Sea Level Rise 
Saline water can migrate up rivers, increasing water salinity.  The Atlantic coast of South 
Florida has seen significant development, which can be the main driver for elevated chloride 
concentrations in some areas. In some cases, land drainage canals, for development, have 
allowed seawater to migrate and infiltrate freshwater aquifers. Current remedies in South Florida 
include salinity control dams on various canals, abandoning wellfields contaminated by saltwater, 
and drilling new water supply wellfields to the west (away from the coast).  Coastal canal water 
levels will probably need to be raised eventually, however, to recharge the Biscayne Aquifer and 
protect it against further SWI (Trimble, Santee, & Neidrauer, Spring 1998; Bloetscher, et al., 
2010). 
Responses to Drought 
Integrated solutions generally provide the best flexibility towards climate and demand 
fluctuations affecting long-term water supplies.  El Paso Water Utilities (Texas) had used 
reclaimed water for non-potable reuse and recharged the aquifer for indirect potable reuse.  The 
utility then implemented strong conservation measures and built a very large inland desalination 
plant to treat brackish groundwater.  An extended drought and limited surface- and ground- water 
resources led it to pioneer direct potable reuse.  In this case, it was realized that, given its arid 
climate, population growth and drought, this solution diversifies its water resource portfolio and 
bolster drought mitigation efforts, with a controlled and reliable year-round and drought tolerant 
supply.  The treatment was designed to maximize public health protection using advanced 
processes, rigorous critical process monitoring, risk management, and public outreach (Maseeh, 
Russell, Villalobos, Balliew, & Trejo, 2015; Megdal & Forrest, 2015). 
Typical drought responses are focused on meeting demand.  Lessons from the multi-year 
drought in California, which began in 2011, show the challenges that might be faced by water 
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utilities.  The current drought is expected to last long past 2016, and various actions have been 
taken to improve water conservation and minimize water loss.   Bulk water transfers are another 
emergency measure that can be used (Hodges, Hansen, & McLeod, 2014). Mediterranean 
coastal cities, such as Barcelona, Spain, received water by barge from France to overcome 
source supply deficits (Sauri & Domene, 2006).   
Summary 
It is clear from this study that emergency measures implemented now and in the past are 
strongly linked to water resource protection from chloride (NRC, 1987; Roehler, Daamen, & Cook, 
2013).  The issues that dictate response type is driven by salinity levels and available funds.  
Acceptable chloride concentrations vary, and seasonality, tidal influence and time-scales all affect 
the type of response implemented. 
Chloride contamination is a real threat to water source quality.  There is potential for saline 
intrusion into fresh water sources across the USA and climate change is likely to make it 
increasingly common.  In general, observed actions were reactive, rarely including infrastructure 
retrofits or modifications to operations, which have not been considered as potential responses.  
This study also highlighted that, regardless of the cause - the impacts of urbanization (over-
abstraction to meet high demand), sea level rise or drought - all can be linked to increased chloride 
levels that threaten drinking water supply quality (Figure 5).   
In this scoping study, the challenges and adaptive actions taken in various places to 
protect water supply sources and manage water quality resilience were observed.  If insufficient 
consideration is given to the threat of SWI, then service disruptions, reduced reliability and 
potential long-term consequences of source water contamination are likely to occur.  The effects 
on individual water supplies will vary.  There is no ‘one size fits all’ recommendation for protective 
measures.  Key observations from this study were: 
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• Be proactive, not reactive.  Emergency measures can be effective, but plans for investing in 
capital infrastructure projects that consider both current and future threats may be a wiser 
course of action. 
• Monitor and be aware of local threats.   Establish a source water quality awareness and 
monitoring program.  Monitoring water levels, flows and key parameters such as chloride 
levels may serve to alert of potential/imminent water supply issues. 
• Develop a portfolio of alternative water sources.  Invest in alternative water infrastructure – 
e.g., for wastewater recovery and reuse – to reduce raw water consumption.  Higher-level 
treatment may be required in some cases – e.g., reverse osmosis or desalination plants.   
• Conduct modeling studies.  Salinity issues are complex but mathematical models can be used 
to clarify major issues, while pilot- or lab- scale tests can help define water quality boundaries, 
etc. 
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Figure 5 - Chloride Contamination Threats to Water Supply 
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Case Study:  Dunedin, FL, USA  
The project site is the city of Dunedin, located in central Florida on the Gulf of Mexico.  
This city provides a setting with a noteworthy set of elements which exemplify the factors which 
most significantly impact the water sector and closely resembles an integrated urban water 
management approach.  Some noteworthy elements that contribute to the success of meeting 
the objectives are:   
• Location – It is a coastal city located on the Gulf Coast of Florida.  The City relies on 
exclusively on groundwater from its urban wellfield, which is connected to the coastal aquifer. 
• Highly Urbanized -   It is located in Pinellas County, whose population density is the highest 
in the Gulf Coast region (NOAA, 2004).  It is a micropolitan city that is nearly built-out, with 
watersheds developed at 98% to 100% developed (City of Dunedin, 2008; Mackun, Wilson, 
Fischetti, & Goworowska, 2011).  Dense development translates into a severely restricted 
expansion of the urban wellfield (limited drinking water supply), coastal resource depletion, 
and issues with urban flooding.  
• Near-Closed Loop - The urban water cycle can be described as near-closed loop, operated 
with great efficiency (Figure 7).  This is done by employing a fit-for-purpose dual distribution 
system for water supply; potable water for indoor use and reclaimed wastewater for irrigation.  
Stormwater is allowed to infiltrate for aquifer recharge.  All of its wastewater is reused as 
reclaimed water for irrigation.  Unused reclaimed water is discharged into St. Joseph Sound 
(on the Gulf of Mexico).  The RO plant produces a waste stream (brine) that is reused. 
• Scale – Dunedin is a small city, covering approximately 10 square miles, which is of a 
manageable size for study and for water utilities to implement adaptation measures. 
• Data Availability - All the water supply (both potable and reclaimed) is metered using AMR 
(automatic meter reading) technology.  Using this wireless smart grid technology allows for 
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accurate and up-to-date data, generating ample information to construct a model a realistic 
model of water consumption. 
City statistics can be found in Table 3. 
The Urban Water Cycle 
Dunedin’s water and wastewater infrastructure is part of a nearly closed loop water cycle 
(Figure 12) composed of a fit-for-purpose dual distribution system for its water supply; blue pipe 
for potable and purple pipe for reclaimed.  The cycle begins when raw groundwater is extracted 
from the urban wellfield and is pumped through a network of pipes to the water treatment plant 
(WTP).  The groundwater is first treated and then sent through the potable distribution system to 
customers for drinking and fire-fighting purposes.  Once used by its customers, the wastewater is 
conveyed by the sewer system to the wastewater treatment plant (WWTP) for treatment and 
recycling.  The reclaimed water is then delivered to individual households and commercial 
facilities through the reclaimed water distribution system and used for irrigation of lawns and 
gardens.  The urban water cycle would not be complete without this important step.  Inputs to the 
cycle comes mostly from freshwater recharge due to precipitation.  The use of reclaimed water 
for irrigation could potentially provide the route for recharging the Floridan Aquifer (the source of 
the urban wellfield). The extent of recharge from irrigation is undetermined, but detailed mapping 
of the potentiometric surface revealed that, in the Dunedin and surrounding areas of Pinellas 
County, all of the freshwater recharging the Upper Floridan aquifer comes from local precipitation 
and not from freshwater flows from the Floridan Aquifer (Knochenmus & Swenson, 1996).  Last, 
any unused treated effluent from the WWTP is discharged into the nearest urban water:  St. 
Joseph Sound on the Gulf of Mexico.  
Urban Waters 
The urban water bodies vital to the Dunedin’s community are St. Joseph Sound and the 
urban wellfield.  St. Joseph Sound is the body of water immediately to the west of Dunedin, which 
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makes up four miles of its coastline.  It is the City’s recreational waters and is part of Pinellas 
County’s Aquatic Preserve (FDEP, 2007).   
Dunedin’s wellfield, uniquely situated beneath the city, is directly linked to the surrounding 
urban waters and is the only source of drinking water.  It is vulnerable to any pollutants generated 
within the watershed (above it) as well as the condition of the coastal waters (adjacent to it).  The 
City extracts groundwater from the Upper Floridan Aquifer through 28 production wells (Figure 6).  
In contrast, most of the Tampa Bay region depends on Tampa Bay Water, the region’s wholesale 
water supplier, for drinking water.  This entity is made up of city and county member governments 
within the region.  Its water supply portfolio is comprised of several alternative water supply 
sources, including several regional wellfields, a 25 million gallon per day (MGD) (94,635 m3/day) 
desalination plant and a 7.5 billion gallon (28,000,000 m3) regional reservoir. 
Water Infrastructure 
The water treatment plant is a reverse osmosis (RO) membrane water treatment facility.  
It provides high quality softening (removal of calcium and magnesium) and is the largest in the 
United States to use greensand filtration for pretreatment to remove iron, manganese and 
hydrogen sulfide.  This combination of greensand filtration and RO treatment provides high quality 
water to its customers, allowing for flexibility in the treatment of a range of water quality types, 
now and into the future.  The treatment process creates two byproduct streams:  RO concentrate 
and greensand filter backwash.  Both of these streams are recycled and sent to the WWTP. 
The wastewater treatment plant performs a very important role in the urban water cycle at 
Dunedin: it reduces pollution and it produces an alternative water source for irrigation.  Figure 7 
depicts these two distinct functions.  The wastewater treatment plant is an advanced biological 
nutrient removal (A2O) facility.  This efficient process allows for low energy wastewater treatment 
(Metcalf & Eddy, 2003) while providing high quality effluent (see Table 4) to be used for irrigation 
of residential landscapes and golf courses, or discharged during the wet season.   
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The stormwater system is a conventional drainage system, where stormwater is moved 
by gravity using either roadside gutters, swales, or an underground piping system.  Stormwater 
is then directed towards to retention ponds or water bodies within its respective drainage basin.  
The stormwater system is not connected to the sewer system.   
Existing Challenges 
Development 
Dunedin lies within Pinellas County, the most densely populated county in Florida, with 
more than 3,000 people per square mile (NOAA, 2004).  Such a high concentration of people 
yields high water demands and increases the potential for water scarcity.  Dunedin’s white sandy 
beaches and subtropical climate also attracts temporary visitors.  Approximately 5,200 of 
Dunedin’s population is seasonal.  One group resides in their winter homes during the cooler part 
of the year; tourists, on the other hand, visit during the warmer months and frequent hotel and 
rental properties. The combination of these two groups of temporary visitors increases water 
demand. 
The Comprehensive Plan for 2025 describes the City as nearly built-out.  Watersheds are 
98% to 100% developed, indicating no significant development in the foreseeable future.  Dense 
urban areas such as these do not allow for adjustments for the issues they cause.  For instance, 
conventional development often has expansive impervious areas, which restricts the ability for 
Dunedin to expand its wellfield because of the lack of available land. 
Areas of Dunedin that are not as dense provide other types of challenges. For instance, 
Honeymoon Island, one of Dunedin’s barrier islands, was slated for development but was never 
fully developed.  As is customary in land development, the infrastructure was installed prior to 
construction.  As a result, an oversized water main was installed and the potable water in this part 
of the system would exceed the time of disinfection residual. 
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Coastal Location 
As mentioned previously, cities in general are affected from over-population, urbanization 
and climate, but coastal cities are more susceptible to of these pressures.  Coastal cities have 
greater exposure than inland settlements to climate change related threats such as sea level rise 
and changes in the frequency and intensity of storms.  Sea level rise and storm surge can 
permanently contaminate sensitive coastal aquifers through SWI.  SWI can also be a result of 
over-abstraction due to high water demands.  Urbanized coasts bring high demands for fresh 
water, most of which depend on groundwater for at least part of their drinking water supply. 
Unchecked, unsustainable groundwater withdrawals can lead to chloride contamination and 
permanent damage to the groundwater supply, as has occurred growing coastal populations like 
Brunswick, Georgia (NOAA, 2011).  Dunedin is susceptible to these issues. 
Dunedin’s coastal location gives rise to drainage issues which impacts water quality in 
their coastal waters.  The steep topography along Gulf shoreline is such that stormwater drains 
by sheet flow directly into St. Joseph Sound without the possibility of being intercepted for water 
treatment prior to reaching this water body.  St. Joseph Sound receives all the stormwater runoff 
from the coastal basin, bringing with it common urban water quality issues, caused by the 
transport of sediments and nutrients.  In 2008, Dunedin saw about 1067mm (42 inches) of rain, 
which translates into over 15,000,000 m3 (4 billion gallons) of runoff for that year alone.  The 
drainage systems in the southern portion of the City suffer from deterioration, as evidenced by 
runoff overload, causing clogged pipes and blocked outfalls, and requiring significant 
improvements.  
Stormwater backflow is the result of a phenomenon that occurs during intense storms. 
High pressure storm systems push Gulf water inland, creating storm surge, bringing saltwater into 
coastal communities.  Backflow occurs when storm surge causes saltwater to travel backwards 
through the stormwater drainage system; coming in through the outfall pipes and inlets in coastal 
areas and inadvertently introducing saltwater to inland areas.  This increases the potential for 
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groundwater quality to suffer over time by facilitating saltwater to infiltrate vertically through the 
soil.  Flooding is worsened because the drainage systems are backed up with both rainwater and 
saltwater.  This issue was evaluated in the City’s Master Drainage Plan.  However, proposed 
improvements were not evaluated “because no affordable drainage improvements can eliminate 
storm surge” (City of Dunedin, 2008) . 
Limited and Sensitive Water Source 
The average precipitation in west central Florida is approximately 54 inches annually 
(1372 mm), most of which comes during the summer months in the form of thunderstorms.  Up to 
two-thirds of the water received returns to the atmosphere by evaporation or transpiration.  
However, coastal locations like Dunedin receive less rainfall than inland areas because of a lack 
of convectional heating (Florida Climate Center, 2010).  
Few communities in Pinellas County supply their own drinking water.  Except for a tie-in 
to the Pinellas County water system as an emergency backup measure, Dunedin is water 
independent, relying on groundwater as its source for drinking water.  Sources other than 
groundwater exist, but are not feasibly available for water supply.  For instance, twenty-two 
freshwater bodies exist within the planning area.  However, private ownership, water quality and 
environmental issues prevent the City from using these sources.   
While groundwater provides a fairly consistent, relatively high-quality drinking water 
source for Dunedin, there is a potential for undesirable impacts if mismanaged.  Over-abstraction 
has been known to cause land subsidence and, in extreme cases, sinkholes. Karst, a type of 
geological formation common in West Central Florida, has a tendency for a high incidence of 
sinkholes (Encyclopædia Britannica, Inc., 2012; Borchers, Carpenter, Grabert, Dalgish, & 
Cannon, 2014).  Over-abstraction can also lead to the draw-down of groundwater levels, causing 
salt water intrusion by lowering the hydraulic head.  Vulnerable to both these issues, groundwater 
extraction from Dunedin’s urban wellfield requires careful management and protection (Barlow, 
Ground Water in Freshwater-Saltwater Environments of the Atlantic Coast, 2003; Nico Martin, 
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2014).  In the early 1990s, Dunedin saw the effects of increased salinity due to over-abstraction.  
As a result, all of the City wells were interconnected by a raw water main and an RO water 
treatment plant was constructed.  As a result, salinity levels have dropped. 
Water Quality 
The existing quality of the groundwater at this location is not ideal.  It contains high levels 
of iron, sulfide and contributors to hardness, all of which requires specialized treatment.  
Furthermore, chloride levels in the freshwater wells have been increasing, indicating a graduate 
shift in diminishing water quality.   
Surface waters are also susceptible to diminishing water quality, due to the pollutants and 
nutrients carried forth from pavement and landscaped areas to receiving waters, degrading the 
quality of the receiving waters (Goonetilleke, Thomas, Ginn, & Gilbert, 2005).  Effluent discharge 
from wastewater treatment plants also contribute to the diminished water quality.  Dunedin’s 
WWTP discharges its effluent into St. Joseph Sound on the Gulf of Mexico. 
Aging Infrastructure 
Aging infrastructure requires maintenance and replacement, such as corroded or leaking 
water lines.  At present, drinking water transmission lines in the US transport water under pressure 
and lose between 6% and 25% of their finished water through leaks and breaks (Levin, et al., 
2002; Council of New Jersey Grantmakers, 2013).  In Dunedin, 15,000 feet (4,572 m) of water 
pipe are slated for replacement.  Sewer lines suffer a similar ailment as water mains.  Wet weather 
flows leak through inflow and infiltration (I&I).  The City estimates that 24.5% of the wastewater 
flows are attributed to I&I.  This volume does not cause the level of service per capita allotment 
to be exceeded.  It does, however, translate into a greater amount of added chemicals, energy, 
labor and cost that must be invested to treat the diluted wastewater to be in compliance with State 
regulations. 
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Interdependencies 
Interdependent infrastructure generally falls into one of three categories:  dependent, 
interdependent or not dependent. Dependent infrastructure can rely on one or multiple 
infrastructures, require an input of one or more services from another infrastructure or share a 
component or activity from another infrastructure in order to function or deliver a service (Wallace, 
Mendonca, Lee, Mitchell, & Chow, 2007). Interdependence can be described as “the 
interconnected web of infrastructures and environment”; physical linkages between 
infrastructures cause one infrastructure to rely on the output of another in order to operate. 
Therefore, changes in the state of one infrastructure directly influence the other and vice versa 
(Rinaldi, Peerenboom, & Kelly, December 2001).   
The integration of the water and wastewater facilities in Dunedin have created 
opportunities for reuse and recycling, yet it presents challenges in operation because they are 
interdependent.  The RO process may be the ideal water treatment method for groundwater, but 
it generates waste byproducts - approximately 700,000 gallons (2,650 m3) of concentrate and 
250,000 gallons (946 m3) of greensand filter backwash daily which must be properly diluted by 
sewage at the inlet of the WWTP. The high level of dissolved solids in these waste streams can 
negatively impact the microorganisms in the activated sludge used to treat wastewater. This issue 
was first noticed when the WTP switched water production times to take advantage the power 
utility’s off-peak rates.  Unfortunately, the new production hours coincided with low flows at the 
WWTP, creating issues with treatment.  Hence, there lies the limitation of integration because of 
interdependence:  the WWTP limits the rate of drinking water production. 
Anticipated Consequences of Climate Change 
The anticipated effects of climate change on water infrastructure and management are 
expected to be even more challenging than those related to growth and location. According to the 
United States Global Change Research Program, water scarcity, sea level rise and severe 
weather events are anticipated for the Southeastern United States and coastal areas due to 
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changing climate (U.S. Global Change Research Program, 2014). Long periods of drought can 
affect recharge of the aquifer and cause a cascading effect of low groundwater levels, land 
subsidence and SWI.  Sea level rise can also have a detrimental effect on Dunedin. Even a 
seemingly minimal rise in sea level can cause salt water to infiltrate to freshwater coastal aquifers, 
permanently changing water quality.  Sea level rise can also reduce the effectiveness of 
stormwater systems. Some areas of Florida, such as Miami-Dade and Broward Counties are 
already seeing higher levels of coastal waters (Shugar & Obeysekera, 2010). Roadways and 
stormwater pipes and inlets overflow during high tide without any rainfall. Therefore, communities 
are expected to be inundated more frequently. Storm surge, common during tropical storms and 
hurricanes, is expected to be more severe with higher sea levels. 
Sustainable Strategies 
It is important to note that IUWM requires more than foresight and the integration of 
infrastructure.  It requires the adoption of synergistic opportunities which contribute to 
sustainability.  Table 6 itemizes the correlation between IUWM principles and adopted response 
strategies and the beneficial effects they yielded.  The effective management of the urban water 
cycle and allows for the adaptation to anticipated future challenges.  The investment in modern 
infrastructure technology significantly contributed to optimizing conservation efforts in both 
potable and reclaimed water by discouraging overuse in irrigation, assisting water managers in 
pinpointing water loss on the customer side, and providing valuable data on water trends and 
demands.  With ample data available from its smart grid technology, Dunedin provides an 
opportunity for a more in-depth understanding of the interactions between individual water cycle 
components, leading to solutions of future impacts from climate change on water supply 
infrastructure.  
The abovementioned challenges steered the City to take steps to reduce potentially 
detrimental issues related to water supply in their community.  Although bound to traditional water 
infrastructure system already in-ground, a shift towards a more holistic management of the urban 
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water cycle was observed in both water managers as well as water consumers.  It is not surprising 
that the adopted strategies and observed outcomes follow stainability criteria whose basic 
principles of protecting the environment from the depletion of resources is a common theme 
(United Nations World Commission on Environment and Development, 1987; US White House - 
Federal Leadership in Environmental, Energy and Economic Performance, 2009; US EPA, 2013; 
US EPA, 2014).  
Protect (Prevent Impairment) 
Protection of the drinking water source is of vital importance for communities and of 
primary concern for water managers.  As a result, a two-step strategy was conceived and 
implemented to protect the urban wellfield. The first step was to increase the number of wells 
although no significant population growth is anticipated, allowing for well locations to be more 
evenly dispersed throughout the city and extracting water at a lower rate (minimizing 
extraction).  The second step involved reducing the depth of the wells.  A program for backfilling 
the deeper wells, some of which were as deep as 300 feet (91 m), was put into effect.  A significant 
improvement in water quality has been detected at shallower depths after rehabilitation and 
thereby reducing wasteful abstraction and treatment (improving quality of water needing 
treatment).  Table 5 shows improvement of quality and flows for a sampling of wells undergoing 
this process. This two-step approach, carefully crafted to sustainably manage their water supply, 
has been affectionately dubbed as the Sippy Straw Approach.  A sippy cup is an infant’s drinking 
cup, specifically designed to restrict flow through the built-in straw and to prevent spillage if the 
cup is tipped.  Similarly, the Sippy Straw Approach mimics these elements, with the ultimate goal 
of judiciously restricting withdrawals by “sipping” higher quality water from the surface.  This 
strategy demonstrates the transition from the linear, traditional approach to that of IUWM by 
minimizing unsustainable abstraction.  Extracting consistent amounts of high-quality groundwater 
also minimizes drawdown, making groundwater supply more resilient against SWI, now and in 
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the future.  A secondary benefit obtained from this strategy is that the number of sinkhole 
formations have been reduced significantly, from thirty to just over ten in one year. 
Reduce (Conserve) 
Water use reduction through conservation and efficiency are what helps communities 
make the best use of existing water supplies and reduce demand from treatment facilities.  
Dunedin has attempted to create a shift in practice by strategically guiding consumers to be more 
responsible with water use.  One such strategy was to work in collaboration with the South West 
Florida Water Management District (SWFWMD) to distribute a free Water Saver Kit which 
contained water efficient fixtures that could easily retrofit indoor fixtures to conserve water.  The 
observed outcome was an overall 15.6% reduction in residential water savings.  Another strategy 
is to create opportunities to educate all of its residents about water conservation.  This topic is 
emphasized during group tours through the water plant and a brochure entitled “Do You Conserve 
Water?” and through its cable television channel.  To reduce water consumption used towards 
irrigation, a landscape ordinance was adopted that calls for drought tolerant (Florida Friendly) 
landscaping to be planted in new developments.  Low volume irrigation systems are mandatory 
and an inverted rate structure is in force to discourage extensive irrigation of lawns.  Finally, 
watering restrictions have been implemented to allow for residents to water their gardens and 
landscapes only one predetermined day per week, which is actively enforced.   
These efforts for conservation have paid off.  In 2005, their per capita water use was about 
one third below the State’s average (Figure 7).  However, it is of interest to note that the 
consumption rate does not accurately depict actual per capita use.  Consumption amounts are 
usually computed by dividing the volume of water delivered by the water treatment plant to the 
distribution system by the number of individuals estimated within the service area.  This calculated 
volume includes water lost to fire protection, leaks, water main breaks and routine flushing of the 
distribution system.  Removing these losses that are not incurred by water consumers shows a 
more accurate picture of per capita water consumption.   
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Just because reclaimed water is treated to a different quality than potable water, it does 
not mean that it is to be used wastefully.  Conservation through watering restrictions have been 
implemented to protect this valuable alternative water source, restricting lawn and garden 
irrigation to a three day per week allowance and only during predetermined times of day.  In 
addition, the transmission main control valves limit customer irrigation according to their allocated 
irrigation zone.  During the dry season (which is during the months of February through June), a 
special effort is made to restrict reclaimed water use through a water volume allotment of 0.8 inch 
(2 cm) per week.  The City works very closely with their customers in providing them necessary 
information so they are well informed of their reclaimed water allotment during these months.  
Every year, prior to the start of the dry season, individual tallies are prepared, containing 
programmed water allotment and the previous year’s use.  This information is then delivered to 
every customer’s door in the form of a door tag, helping customers avoid being penalized with a 
surcharge for overuse.  This strategy been proven quite effective, reducing the number of chronic 
over-users down to less than a thousand and an overall reduction of 64%, shown by the steadily 
decreasing gpd/customer trend (see Figure 8).   
Figure 8 depicts two aspects of water conservation. First, it shows potable and reclaimed 
demand since 1990.  Potable water use has decreased both collectively and individually.  
Individual water consumption dropped from 131 gpcd (496 L/inhabitant/day) to its current rate of 
62 gpcd (235 L/inhabitant/day); a reduction of approximately 50% since 1993. Making reclaimed 
water available to offset potable water use has also made an impact on per capita use.  In 1997, 
only one thousand or so reclaimed water customers were receiving service. As the planned 
phases of the system were installed, the customer base grew, with service to many residential 
communities and golf courses. Figure 8 also illustrates the impact that the implemented strategies 
have had on the reduction of water consumption. 
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Reuse 
Opportunities for reuse increase through integrated urban water management.  Closing 
the loop of waste streams create synergistic opportunities that contribute towards IUWM goals of 
simultaneously providing an alternative water source and protecting the environment.  There are 
two examples of this within Dunedin’s urban water cycle.  One example occurs between the water 
and wastewater treatment facilities.  The waste streams from the RO water production process 
totals approximately 1.0 MGD (3,785 m3/day). Instead of discharging this waste to the nearby 
urban waters, it is reused to augmenting the volume of reclaimed water.  In doing so, it minimizes 
the amount of point source discharges into coastal recreational waters, reuses water close to its 
point of origin (within the City limits), and closely matches the quality of water required for irrigation 
(its intended use) (IPENz, 2003).   
Another example of reuse occurs at the development located at Honeymoon Island.  
Honeymoon Island is one of the two barrier islands between Dunedin and the Gulf of Mexico 
which was at one time slated for high density development.  Water infrastructure was designed 
and in place prior to the completion of the final phase which never came to fruition.  As a result, 
utility managers were faced with the issue of an oversized water main without the designed 
demands and a lift station with less than the designed flows.  With an IUWM perspective in mind, 
they realized that the excess potable water could augment the much-needed flow at the nearby 
lift station. A valve and discharge pipe were retrofitted to discharge directly into the lift station, 
synergistically resolving both issues and closing the loop on water loss. 
Recycle 
Wastewater is consistently available in the urban setting.  Yet, in 2008, only 2.5% of the 
treated wastewater, from an estimated 21,594 publicly owned wastewater treatment facilities, was 
being recycled (Center for Sustainable Systems, University of Michigan, 2010).  Recycled 
wastewater is a drought-proof alternative water source that can be used for non-potable 
applications in an urban setting and is consistently available regardless of seasonal fluctuations.   
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(Uitto & Biswas, 2000).  Figure 9 shows how wastewater flows to Dunedin’s WWTP is fairly 
consistent every month, averaging approximately 125 to 130 million gallons a month. Since nearly 
50% of residential water use is non-potable in nature, reclaimed water is ideal as potable water 
offset.   
Extensive recycling of wastewater into reclaimed water for irrigation significantly reduces 
nitrogen loading to St. Joseph Sound.  This area is the main area of recreational waters for this 
coastal city.  During the dry season when irrigation demand is high, 100% of the recycled 
wastewater is used for reclaimed water, resulting in near zero discharge at the WWTP; an 
amazing feat that helps achieve the IUWM goal of minimizing waste (see Figure 9).  Because the 
demand for reclaimed water can sometimes exceed the available supply, the City has 
implemented an irrigation schedule that takes reclaimed water availability offline for one day 
during the week (Wednesdays) to allow time to replenish supplies in the water storage tanks.  
When needed, raw groundwater is blended with reclaimed water to meet peak demand.  This 
concession by SWFWMD allowed for the expansion for the reclaimed water customer base and 
achieves an overall net decrease in groundwater withdrawal.  
Integrate 
The central principle of IUWM is for urban water systems to be considered as a whole, 
placing greater emphasis on how components interact realizing that systems are complex, 
dynamic and interdependent; this includes integration of the planning and management aspect 
across traditional infrastructure domains and institutions. In the case of Dunedin, water 
infrastructure and management organically transformed, creating a more holistic operation of the 
urban water cycle. 
• Infrastructure Integration - Water infrastructure in the City was integrated gradually over time.  
Initially, much of the infrastructure was decentralized.  For instance, prior to the development 
of the urban wellfield, individual wells provided drinking water for residents with supplemental 
chlorination.  Wells were then connected through piping until fully integrated with a centralized 
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treatment facility.  The sewer system went through a similar metamorphosis.  Septic systems 
were eliminated as sewer service was installed.  Only a small number of septic tanks are still 
in service outside of the incorporated City limits.  With time, water infrastructure and demands 
became even more integrated.  Wastewater began to be recycled, reducing resource 
(groundwater) extraction from the environment and discharges to urban waters.  The 
interconnection between the WTP and WWTP allowed for waste streams from the water plant 
became a source of water for reclaimed water supply.  These synergistic opportunities may 
not have been possible if not viewed as a whole, dynamic system. 
• Organizational Integration - IUWM includes the integration of the planning and management 
aspect across traditional infrastructure domains.  A shift in the organizational structure over 
the water utilities was observed in the year 2010.  As Figure 10 shows, water infrastructure 
was once managed in a segregated fashion with individual directors overseeing each utility.  
However, from 2010 forward, water utilities were officially under a single individual’s oversight 
instead of three.  In this way, water, wastewater and stormwater utilities, along with other 
related aspects (such as drainage ditch maintenance) were overseen in an integrated manner 
(Figure 11).  It should be noted that this organizational change took place after a holistic 
management perspective water already in place. 
Other Innovative Approaches 
Successful management of the urban water cycle in an integrated manner requires more 
than responding to pressures or impacts on water supply.  Going above and beyond ensures a 
smoother operation.  Investing in water infrastructure, coordinating among utilities and upholding 
sustainable practices were approaches that served to reinforce this City’s success. 
Infrastructure Investment 
With less than ideal groundwater quality, Dunedin researched treatment methods 
congruent with the available water source prior to selecting an appropriate treatment facility 
design (Bergman, 1995).  The selected treatment process begins with a pretreatment step using 
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greensand filtration.  This application uses potassium permanganate to oxidize the iron in the 
water.  The iron is filtered and cleaned in the backwash cycle.  As an added bonus, greensand 
also is effective in treating low levels of hydrogen sulfide, also found in the local groundwater 
(Harmon, April 2003).  The reverse osmosis membranes then remove remaining salts, bacteria, 
viruses and other compounds present in groundwater.  This combined treatment method provides 
high quality water for its residents.   
Lord Kelvin (also known as Sir William Thomson, a British physicist and engineer) once 
said, “If you cannot measure it, you cannot improve it”.  Investment in innovative technology has 
done just that.  Smart grid technology has done more than save money by eliminating the labor 
required to read meters manually.  The use of AMR (Automated Meter Reading) for metering both 
potable and reclaimed water supply has allowed for the management of total water use throughout 
the City.  Some additional positive outcomes from this investment are: 
• Reads meters quickly and accurately.  Most water suppliers bill customers based on estimated 
water usage; AMR provides actual water usage for customers every month.   
• Pinpoints elusive water leaks.  Customers usually notice leaks only after-the-fact; when a high 
bill is received.  AMR alerts the water utility of customers with unusual demand, since it tracks 
water usage in real time, and leaks identified within a relatively short timeframe. 
• Provides customers with real-time water usage from within their home by using a ‘meter 
magnet’.  As a result, customers became more educated in their water usage. 
• Serves as a deterrent to those who may consider violating water restrictions, since their usage 
would clearly show the date and time of irrigation. 
• Stores years of water data, aiding water managers to anticipate demands, study customer 
usage behaviors and seasonal trends. 
• Facilitates compliance with water quality regulations.  Simultaneous installation of the AMR 
system components and backflow preventers has allowed the City to be in compliance with 
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FDEP (Florida Department of Environmental Protection) requirement of cross connection 
control, thus ensuring the safety and quality of drinking water.  
In short, smart grid technology helps significantly in furthering the goals of IUWM, which 
is to have a more efficient urban water cycle, where there is less consumption and waste.   
Coordination Between Utilities 
Coordination between the WTP and WWTP is needed in order to supply the City with 
drinking water.  These plants are inextricably bound by the byproduct streams produced by the 
RO plant.  Since the high concentration of dissolved solids in the waste streams can adversely 
affect the microorganisms (at the WWTP), the volume and the timing of when the byproducts are 
sent must be coordinated with the WWTP.  In essence, the City’s ability to provide drinking water 
is not only dependent on the availability of source water, but also on the WWTP’s ability to 
assimilate the waste streams.   
Coordination also occurs between the City utilities and the power company.  Since the RO 
process requires high pressure to move water through the semi-permeable membrane, a 
considerable amount of energy is required.  As a high energy user, the power company offers the 
water facility a reduced rate during low demand times, such as during the late evening.  The water 
plant takes advantage of this opportunity to produce water at a reduced cost to the water utility.  
In return, the power company may request the WTP to shut down during peak energy demand 
times.  During these times, the plant’s backup power generators provide the flexibility to operate 
independently from the power company as well as during emergency situations, such as during 
extreme weather events. 
Summary 
This case study illustrates how a highly urbanized coastal city, with a limited and sensitive 
water source manages its water cycle sustainably by using holistic management strategies that 
made it possible for existing traditional water utilities to operate more sustainably.  It provided 
lessons for cities that, if not currently facing water issues, may be on similar trajectories towards 
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relevant water supply issues.  The setting for this case study provides a noteworthy set of 
elements which exemplify the factors which most significantly impact the water sector and closely 
resembles an IUWM approach.  The efficient operation of the urban water cycle by the judicious 
extraction of water resources, reuse of waste streams, extensive recycling, indoor and outdoor 
water conservation and increasing consumer awareness through education were facilitated by 
the IUWM paradigm.   
 
Table 3 - City Background Data 
 
  Data Source 
Population 35,000 (City of Dunedin, 2010) 
Population density 3,308 people/mi2          
(8,568 people/km2) 
(NOAA, 2004) 
Area 10 mi2 (26 km2) (City of Dunedin, 2008) 
Coast line 4 miles (6.5 km)   
Temperature range   (Florida Climate Center, 
Florida State University, 
2010) 
Hot season 81 to 83°F  (27° to 28°C) 
Cold season 50° to 60°F (10° to 16°C)  
Rainfall (annual average 
2008) 
41.32 in (1050 mm) City of Dunedin WTP 
records 
Elevation 30 feet (9 m)   
County Pinellas   
Metropolitan area Tampa Bay   
Coastal waters Gulf of Mexico   
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Table 4 - Water Infrastructure Data 
Water Infrastructure Data 
Drinking Water Supply   
Supplier City owned and operated 
Source Groundwater 
Treatment facility type Reverse Osmosis 
Transmission pipe 7.5 mi (12 km) 
Distribution pipe 138 mi (222 km) 
Wellfield capacity 9.5 MGD (35,961 m3/day) 
Storage capacity 8 MG (30,283 m3) 
Pretreatment Greensand filtration 
Plant capacity 9.5 MGD (35,961 m3/day) 
Maximum capacity 12.0 MGD (45,425 m3/day) 
Average daily production 3.3 MGD (12,492 m3/day) 
    
Wastewater Treatment 
System   
Treatment facility type A2O BNR 
Plant average capacity 6 MGD (22,712 m3/day) 
Peak hourly flow 12.6 MGD  (47,696 m3/day) 
Sewer mains 140 mi (225 km) 
Manholes 3,500 
Laterals 56 mi (90 km) 
Lift stations 42 
Outfall to St. Joseph Sound 
Reuse system Land application 
Discharge effluent values   
TSS 6.25 mg/L 
BOD5 6.25 mg/L 
TN 3.75 mg/L 
TP 1.25 mg/L 
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Table 5 - Results From Well Rehabilitation to Extract at Shallow Depths 
 
Well # Chlorides (mg/L) Hydraulic Conductivity (gal/min/ft) 
  Pre-Rehab Post-Rehab Pre-Rehab Post-Rehab 
83 350 200 6.92 13.17 
89 400 200 11.16 16.60 
28 375 250 216.00 244.00 
90 250 180 10.30 12.50 
86 250 200 8.96 10.53 
87 300 240 44.02 40.96 
31 280 280 67.00 76.26 
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Table 6 - Summary of Responses Contributing to IUWM Principles 
 
Response IUWM Principle 
Outcome 
(improved) 
  
Minimize 
waste 
Reuse 
close to 
point of 
origin 
Match quality 
to intended 
use 
Creates 
synergistic 
opportunities 
Integrate 
Water 
Quality 
Water 
Supply 
Protect               
Sippy Straw Approach: Sustainable 
extraction/Careful management of 
wellfield 
x x   x   x x 
Reduce               
Plumbing retrofits x         x x 
Potable water rate structure 
x           x 
Landscape ordinance x           x 
Potable water landscape irrigation             x 
Reclaimed water landscape irrigation x x x     x x 
Dry season allotment             x 
Public awareness x           x 
Reuse               
Waste streams from water plant 
    x x x   x 
Water with diminished disinfection     x x x   x 
Recycle               
Extensive wastewater recycling x x x x x x x 
Integrate               
Infrastructure integration       x x   x 
Organizational integration       x x x x 
Innovative Approaches               
Infrastructure investment x       x x x 
Infrastructure repair/replacement x           x 
Commitment to sustainable practices x         x x 
Extended partnerships with academia       x   x x 
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Figure 6 - Urban Wellfield and Well Locations 
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Figure 8 - Historical Potable and Reclaimed Water Demand 
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Figure 9 - Water Recycling – 2012 
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Figure 10 - Segregated Organizational Approach (pre 2010) 
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Figure 11 -  Integrated Organizational Approach (post 2010) 
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CHAPTER 4:  MODEL DEVELOPMENT 
 
Phase 1:  Water Balance Model 
The purpose of this water balance is to better examine, understand and predict the 
interactions between the individual components of the urban water cycle (Sheltair Group, 2003; 
Mitchell, 2006; Fletcher & Deletic, 2007; Wong & Brown, 2009; Jimenez-Cisneros, 2011; 
Tsegaye, Eckart, & Vairavamoorthy, 2011; Burn, Maheepala, & Sharma, 2012; van Leeuwen, 
Frijns, van Wezel, & van de Ven, 2012).  This step is essential.  It takes into account the amount 
of water that comes into the system (i.e., is extracted from the wellfield) and the amount that 
leaves (is either discharged or reused).  When the inputs and the outputs are equal, then the 
system is said to be in balance.   
Description of Dunedin’s Total Urban Water Cycle 
The water and wastewater infrastructure for Dunedin is part of a nearly closed loop water 
cycle (Figure 12).  Some parts of the cycle are difficult to separate from one another.  Therefore, 
for the purposes of this research, each part of the system will be seen as a node:  the WTP and 
the WWTP/RWPP (wastewater treatment and reclaimed water production facility, often viewed 
as one element), the customers, and the portions of the natural environment as it pertains to the 
urban water cycle.   
First, water types, as the water flows and is transformed at each node, is described.  Next, 
the operation and process at each infrastructure node is described.  Details of the daily operations 
and relevant processes at the water plants are described.  However, since the model was 
constructed to observe monthly, seasonal and long-term fluctuations, the model show may reflect 
a simplified version of the process.  Last, a water balance or accounting of flows is shown. 
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Water flows analyzed as part of this research are depicted in Figure 12.  The flows are 
labeled by water “type” as well as a number.  These numbers correspond to the flows in the 
model. 
Nodes: Operation and Process 
The Wellfield 
The urban wellfield is Dunedin’s exclusive source of water supply.  Since the City is nearly 
completely built out, there is little room to expand the wellfield (add more wells).  Therefore, it is 
important to manage this sensitive and limited resource in order to preserve the City’s ability to 
have an independent water supply. 
The model does not reflect the day-to-day management of the wellfield.  This is mostly 
done manually by the operators by carefully monitoring of each of the 28 wells.  This involves the 
monitoring of water quality and avoiding over-extraction from any one particular well. 
The Water Treatment Plant 
The water treatment plant (WTP) in Dunedin is a reverse osmosis (RO) plant, which 
receives water from the urban wellfield.  Potable water is produced and then distributed to drinking 
water customers.  The RO process has two waste streams: green sand filter backwash (for 
pretreatment) and concentrate, whose destination is the wastewater treatment plant. 
The process for water treatment at this node is as follows.  First, raw groundwater (GW) 
from any one of the 28 production wells is extracted by pumps (operated by electricity and 
managed by SCADA) and pumped to the RO WTP.  Water is then sent through the membranes 
to the clearwell where it is mixed with untreated raw water.  Once mixed, water is stored at one 
of the two MG (million gallons) onsite water storage tanks.  From there, water is sent to the potable 
water distribution system or to offsite storage, depending on customer demands (see Figure 18).  
Potable water from the storage tank is also used to backwash the filters.  
Since the model’s goal is to evaluate monthly, seasonal and subsequently longer-term 
flows between nodes, daily operations were simplified to only show flows between relevant 
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components.  Although raw water from any one (or combination) of the 28 groundwater wells is 
sent to the WTP, the model does not make this distinction.  Several possible outflows for this node 
are then shown:   
• Potable water (where WTP and available storage is considered to be the same) for 
distribution, 
• waste streams (of concentrate and green sand filter backwash), and  
• system losses (including system flushes and leaks). 
Drinking Water Customer 
Most of the City is connected to the drinking water distribution system and metered with 
AMR (Automatic Meter Reading) providing real time readings.  Potable water is used for all indoor 
uses and those not connected to the reclaimed water system also use it for irrigation.  The ultimate 
destination of the potable water used indoors is the City’s sewer system.  Only a small portion 
goes to septic systems (approximately 381 connections, according to the 2025 Comprehensive 
Plan). 
Reclaimed Water Customer 
It takes four gallons of wastewater to be able to generate one gallon of reclaimed water 
(City of Dunedin, 2008).  Therefore, the entire City is not able to use reclaimed water for irrigation.  
Those who are connected to the reclaimed water distribution system use if for irrigation.  At this 
node of the urban water cycle, all of the water is lost through irrigation (and subsequently infiltrates 
into the soil), is lost to evapotranspiration or runs off. 
The Wastewater Treatment Plant/Reclaimed Water Production Plant 
The wastewater treatment plant is an A2O process plant, treating residential wastewater 
and producing reclaimed water for reuse.  For the purposes of this research, the wastewater 
treatment plant will be considered as two separate nodes (the WWTP and the RWPP- reclaimed 
water production plant) although it is physically located at the same place.  The WWTP has 
influent streams from two sources:  the waste streams from the RO plant and the wastewater 
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customers connected to the City sewer system.  It then discharge is to St. Johns Sound, which is 
on the east side of the barrier islands and ultimately part of the Gulf of Mexico.   
The operational functions at the WWTP are slightly more complex (Figure 13).  All the 
wastewater is treated and then receives further treatment for reuse as reclaimed water.  The 
treated wastewater is sent to a splitter box where it is either sent through the reclaimed water 
distribution system (purple pipes) or discharged to the Sound.  If there are high demands (dry 
season), then it is sent either to the distribution system or to reclaimed water storage tanks for 
temporary storage.  If there are low demands for reclaimed water (wet season), then excess water 
from splitter is sent back to WWTP for de-chlorination and then discharged into the Sound.  There 
are only a few times during the year that all the reclaimed water is completely consumed and 
thereby completely eliminating any discharge to urban waters.   
Water Types 
In Dunedin’s urban water cycle, groundwater transforms into fourteen different water 
‘types’ as it flows through the different ‘nodes’ of the system.  Below, they are numbered and 
defined as they pertain to this specific urban water cycle. 
• 1 – RAWwater - Raw water is the name given to water once extracted from the wellfield.  It is 
an appropriate name since there is no treatment given to it in this state.  Upon extraction, raw 
water can be pumped either to the WTP or to a water tank, destined to ultimately augment 
reclaimed water during the dry months of the year. 
• 2 – POTwater - POTwater or potable water is used to describe water, once it is treated to 
drinking water standards.  In the model, this name is given to the total amount of drinking 
water produced, made up of two other water streams: permeate and blend water (through 
internal processes in the WTP).  Therefore, POTwater = PERMeate + Blend. 
• 2$ - Revenue water (potable) - In this context (water balance for Dunedin’s urban water cycle), 
revenue water, is referred to potable water that has been delivered through the distribution 
system to the customer.  This water is distributed through the drinking water distribution 
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system and is used for both for potable and non-potable (i.e., irrigation) uses.  This water type 
is labeled with a $ in the model to denote water which is metered and provided as a service 
paid by the customer.  The model computes this amount by subtracting the backwash volume 
(water type 4) from POTwater. 
• 2* - Non-revenue Water (NRW) - Non-revenue water is water that has been produced and is 
"lost" before it reaches the customer.  This occurs between the WTP and the drinking water 
customer.  A common cause of water loss can be leaks in the distribution system.  Another 
reason can be regular flushing of fire lines at the hydrants. 
• 3 – CONcentrate - Concentrate is one of the waste streams produced as a result of the RO 
process at the WTP.  It is a very high saline solution and is piped directly to the WWTP. 
• 4 – Backwash - Backwash is the other waste stream produced at the WTP.  It is potable water 
that is used to flush the green sand filter used as a pre-treatment step before raw water 
reaches membranes.  This waste stream is also sent to the WWTP via the sanitary sewer 
system. 
• 5 – WWater - Sewer or wastewater is water returned to the WWTP by customers.  This 
consists of both liquid and solids conveyed by gravity in the sanitary sewer system.  This flow 
does not include waste streams from the WTP. 
• 5* - I&I - Inflow and infiltration) is water that seeps into the sewer pipes through the joints. It is 
caused by rainwater percolating through the ground or if the groundwater table rises.  I&I was 
determined by computing a monthly factor composed of percent I&I per inch of rainfall for the 
four years that were analyzed. 
• 6 - WWTP influent - WWTP influent is defined as what comes into the WWTP.  This stream 
consists of WWater + I&I + Backwash + CONcentrate.  Its components vary so much that 
WWTP records of instream are the most accurate way of modeling flows. 
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• 7 - WWTP discharge - Discharge from the WWTP is treated wastewater that is discharged to 
St. Joseph Sound. 
• 7$ - RWater (without augmentation) - Reclaimed water is wastewater that has been treated 
for reuse (also considered as a revenue water).  In Dunedin, reclaimed water is distributed 
through purple pipes to customers for irrigation.  During dry times of the year and if demand 
is high, reclaimed water is augmented with groundwater.  Therefore, in this model, reclaimed 
water, can be considered 7$ (without augmentation) or 9 (with augmentation) depending on 
the demand. 
• 8 – AUGwater - AUGwater is raw water used exclusively for augmenting reclaimed water 
demand.  This flow is based on seasonal demands.  Water managers determine the timing 
and amount needed to satisfy demands within the limits imposed by the water management 
district. 
• 9 – RWater (with augmentation) - Reclaimed water that has been augmented with raw 
groundwater (see 7$ above). 
Methods 
A water budget is commonly formulated by accounting for the inflow and outflows from the 
components of the hydrological cycle.  The hydrologic cycle is traditionally described in terms of 
six major components:  Precipitation (P), infiltration (I), evaporation (E), transpiration (T), surface 
runoff (R), and groundwater flow (G).  Sometimes evaporation and transpiration are grouped 
together as evapotranspiration (ET) (Viessman, Jr. & Lewis, 2003).  The USGS estimates 
hydrologic water budgets by utilizing these variables to come up with storage volumes per unit 
time.  However, in urban settings, water flows are channeled through centralized systems and 
must be assessed differently.  When assessing mass and volumetric balances within a boundary, 
the changes in water volume within the boundary is shown in monthly intervals.  It is also shown 
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as changes of inputs from outputs over the same time period (Kenway, Gregory, & McMahon, 
2011). 
Assumptions 
1. This analysis considers resource extraction, water treatment processes, water consumption, 
recycle streams, gains and losses. 
2. The urban water cycle considers only the water that enters and exits the system through pipes. 
3. The stormwater system is not included.  The flow volumes for this portion is (1) not measured 
(2) nor interconnected to the rest of the system. 
4. Imported water can come into the water cycle from (a) those on private wells or (b) those 
using bottled water. 
5. Wastewater is assumed to come from drinking water customers.  Surplus water (that which 
ends up at the wastewater treatment plant) may come from sources identified in Assumption 
2.  Losses at the wastewater treatment plant can be attributed in part to drinking water 
customers using septic tanks as well as a fragment of liquid which remains in the solids 
stream. 
Selection of Base Year 
Since the goal of the model was to simulate water availability as well as variations in 
quality, prime consideration was given to data availability in both these areas.  Figure 15 shows 
availability of data time of construction.  Although flow data from both WTP and WWTP were 
available for ten years, water quality data (measurements of interests at points of interest) was 
sporadic.  Therefore, a time period window where most data of interest was consistently available 
was between 2012 to 2017 (inclusive).   
Although availability of data was of prime concern, it was not the only factor in determining 
a base year for modeling the water cycle.  Water availability and demand is based on a variety of 
factors, primarily rainfall.  Figure 16 shows rainfall for Pinellas County during the ten-year time 
period.  Since drought is to be modeled as a climate change scenario, dry years were selected 
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for as base years for validation and calibration for the water balance model.  Although 2008 was 
of interest, there were some errors in the flow data collected, confirmed during the water balance.  
Therefore, that data was not used.  2010 was of interest because raw water was not used to 
augment reclaimed water.  2014 was included as a viable year for the salt balance portion of the 
study. 
Input Values 
The water balance was performed using water flow data.  For clarity, Figure 17 shows the 
two nodes at which the balance was computed.   
The values used for the model consist of the monthly volumes of raw water pumped from 
the wells and received as influent at the WWTP.  Percentages of those volumes can then be 
adjusted to emulate seasonal fluctuations, water plant operations and processes throughout the 
water cycle.  Since an extensive amount of data has been used to simulate the water cycle (four 
years of monthly flows at fourteen points in the system), a full accounting of the data has not been 
provided as part of this research.  Tables 7 and 8 show an analysis of the data used for the water 
balance, where the Maximum, Minimum, Range, Mean, Standard Deviation (SD) and the 
Coefficient of Variation (CV) for each of the points.   
Results 
The WTP has one inflow and three outflows.  RAW water pumped to the plant includes 
blend water as well as the water that goes to the membrane.  The outflows are the sum of the 
backwash and the revenue water – or potable water sent to the distribution lines.   
At the WWTP, there are two inflows and two outflows.  The wastewater stream is metered 
and measured at the influence of the plant.  This means that this includes backwash as well as 
I&I in the volume received.  Backwash is sent directly via sanitary sewer from the WTP, while 
concentrate is piped in a dedicated line.  
Although there is a difference in flows between what comes in and out (see Table 9 and 
Figure 15), the difference is minimal and within an acceptable range.  For instance, the percent 
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difference of flows missing at the WTP are most likely due to leaks.  Transmission lines typically 
lose between 6% and 25% because of leaks and breaks (Levin, et al., 2002).  For the years 
analyzed, the “missing” flows average between 9% to 32%, while the national average which is 
14% to 18% (ASCE, 2018).  These “losses” in the potable water distribution system include many 
routine system operations and are not necessarily leaks in the distribution system, which can 
make up as much as 15% of non-revenue water.  Such legitimate uses can include RO skid 
cleaning, hydrant flushing, fire department training, pilot plant research, wellfield flushing, and the 
occasional water main break.  The inflows and outflows of the WTP are therefore considered 
balanced. 
At the WWTP node, there is a small range of difference between inflows and outflows.  
The reason can be attributed to the sludge solids that are hauled away contain interstitial water.  
On source states that sludge can consist of up to 98% water (United Nations Environment 
Programme, 2018). Therefore, a 3% to 6% difference in the balance can be attributed to the liquid 
content of the sludge. 
Visualization 
Just as the natural water cycle is dynamic, the urban water cycle is also constantly 
fluctuating, thus making it difficult to study and quantify.  The following sections describe trends 
and fluctuations within the urban water cycle.   
Interaction with the Environment 
First, one must understand that the urban water cycle seems to be separate and operate 
independently from the natural environment, this is only partially true.  Although a base flow is 
relatively constant throughout the year, water demands fluctuate with the seasonal variations of 
climate.  Figure 19 shows seasonal rainfall fluctuations of rainfall for the years analyzed.  Note 
that summer months are the wetter months (May through August), while cooler months are drier.   
As a result, water demands generally are the inverse; more raw water extraction and water 
production occurs during the dry months (cooler) and less so during the wet ones (summer, as 
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shown in Figure 20).  Wastewater also has a base flow, which is quite consistent throughout the 
year.  However, because of the phenomenon of I&I, where water either infiltrates into the sanitary 
sewer lines during wet season or highwater table events, or exfiltrates during dry periods, there 
is a seasonal fluctuation as well.  Figure 16 shows how fluctuations in water received at the WWTP 
coincides with wet weather.  High Coefficient of Variation (CV) observed (Tables 7 and 8) are also 
strong indicators where seasonal fluctuations are dominant, such as the production of reclaimed 
water, discharge amounts or when raw water is needed for augmenting reclaimed water. 
Fractionation of Flows 
As water moves through the cycle, it fragments, as shown in Figure 22.  Fractionation 
tends to fluctuate within a certain regime, as summarized in Tables 10 and 11. 
When raw water is extracted from the wellfield, it has two possible destinations: (1) the 
WTP for processing and ultimately becomes potable water, or (2) to be mixed with reclaimed 
water used for irrigation (see Figure 13 for detailed process).  Once at the WTP node, raw water 
again has two potential destinations: (1) the skids, which is a series of membranes for filtration, 
or (2) as Blend, raw water in its unfiltered, unprocessed form.  The water that goes to the skids, 
passes through the membranes, is once again divided, into either permeate or concentrate.  
Permeate is the ‘filtered’ water, while concentrate is the saline waste stream resulting from this 
process.  Last, the permeate is blended with the blend water (raw water), to produce potable 
water.  Most of this potable water is sent to through the distribution system to customers, while a 
small fraction is used to backwash the pretreatment system for the RO WTP. 
Once processed, wastewater flow is also fractionated (see Figure 23).  Treated 
wastewater becomes reclaimed water (distributed through purple pipes for irrigation).  Any surplus 
is discharged into St. Joseph Sound.  The amount of discharge can vary significantly; from 10% 
to 60%, depending on reclaimed water demand, which is seasonal.  The model reflects this 
fractionation and seasonality based on the trends for the four years that were analyzed. 
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The most difficult volume to simulate was that of influent wastewater.  It is not simply the 
sum of potable water delivered.  It also consists of fluctuating flows:  
• waste streams from the water plant, which fluctuate depending on potable water demand, 
which generally makes up approximately 20% of the flow, 
• seasonal flows of I&I (note CVs for water type 5* in Table 11), and 
• water loss during solids removal. 
Losses 
Losses in the cycle (within the scope of this study) occur in two places.  First, there is an 
amount lost between 2 (potable water produced) and 2$ (potable water delivered).  There are a 
couple of reasons for this.  One is that a portion of potable water produced is used to backwash 
the greensand filters.  This is accounted for in the model as water type 4.  There are also losses 
in the distribution system as well as in flushing out the fire lines at the hydrants.  This amount is 
not accounted for in the model as there is no metering of this amount.  Therefore, all losses in 
this part of the cycle is generally lumped together with water type 4.  Second, there are losses at 
the WWTP.  Some water is lost along with the solids once solids are separated from liquids.  This 
amount is not specifically accounted for in the model, but rather included with I&I ‘loss’.   
Recycling Potential 
The water cycle is managed in such a way that 100% of the wastewater received is reused, 
as long as there is demand.  Waste streams from the RO WTP as well as I&I serve to increase 
the volume of wastewater.  Therefore, the recycling potential is quite literally the amount of 
wastewater available. 
Summary 
Although the urban water cycle is not completely separate from seasonal fluctuations, it is 
possible to simulate flows with reasonable accuracy. Through this exercise of accounting for the 
movement of water through the urban water cycle, it is possible to visualize trends in the system, 
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both in maximums and minimums at fourteen points in the cycle, as well as how water fractionates 
through different processes and is combined for maximum and efficient reuse.   
One of the arguments for IUWM (Integrated Urban Water Management) is that is supports 
a more flexible and resilient method of sustainable water management.  In observing the urban 
water cycle in Dunedin, where the WTP and WWTP are integrated, efficient use of water 
resources is evident.  Some examples are: 
• some months there is nearly no water discharged, contributing to minimizing pollutants and 
improved environmental condition in urban waters,  
• by integrating the waste stream from the WTP (concentrate), recycling potential is increased, 
and  
• the need to augment reclaimed water with raw groundwater is minimized. 
An important lesson learned in performing the water balance is that it is an effective 
method to validate data.  In computing the water balance for a particular year, the balance 
contained significant error and did not make sense; the outflow from the WTP was significantly 
higher than the inflow.  Upon looking through the City’s historic information, that was one of the 
years when the AMR infrastructure was being installed.  After installation, it was discovered that 
some of the meters had not been calibrated correctly, causing an error in the metered water flows.  
Although cumbersome to compute, the water balance, or similar checks, is a worthwhile practice 
to implement. 
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Table 7 – WTP Process Flows Analysis 
 
    Max Min Range Mean SD CV% 
1 - Raw water 2010  160 129 31 140 9 6.3% 
2012  146 125 21 136 7 5.1% 
2014 146 123 23 137 6 4.7% 
2017  159 126 33 139 9 6.7% 
2 - POTwater 2010  123 97 26 105 7 6.6% 
2012  114 98 16 105 5 4.8% 
2014 110 94 15 104 4 4.1% 
2017  118 97 21 107 7 6.2% 
2$ - Revenue 
water 
2010  119 92 28 100 7 7.2% 
2012  110 95 15 101 5 4.7% 
2014 105 91 14 99 4 4.0% 
2017  113 93 20 103 6 6.2% 
2a - PERMeate 2010  91 76 15 82 4 5.2% 
2012  90 77 13 82 4 4.8% 
2014 86 74 13 81 4 4.3% 
2017  91 77 15 86 4 5.0% 
2b - Blend 2010  32 21 11 23 3 12.9% 
2012  24 21 3 23 1 5.2% 
2014 23 21 3 22 1 3.5% 
2017  29 18 11 21 3 16.4% 
3 - CONcentrate 2010  21 18 3 19 1 4.9% 
2012  23 19 3 21 1 5.2% 
2014 22 18 3 20 1 4.6% 
2017  23 19 4 22 1 5.1% 
4 - Backwash 2010  8 4 4 6 1 22.6% 
2012  5 3 1 4 0 11.7% 
2014 5 3 2 4 1 17.3% 
2017  6 4 3 4 1 16.0% 
 
(monthly average in million gallons) 
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Table 8 – WWTP Flows Analysis 
 
    Max Min Range Mean SD CV% 
5 Wwater 2010  158 94 64 115 19 16.7% 
2012  140 92 48 107 14 13.3% 
2014 115 90 25 100 7 7.3% 
2017  116 86 30 98 9 8.7% 
5* I+I 2010  14 -8 22 -1 5 -511.0% 
2012  9 5 4 8 1 14.6% 
2014 13 -17 30 -2 10 -457.9% 
2017  96 5 90 17 28 163.9% 
6 WWTP Influent 2010  182 122 60 140 19 13.5% 
2012  164 117 47 132 14 10.4% 
2014 139 113 25 124 8 6.1% 
2017  139 113 25 124 8 6.1% 
7 Discharge 2010  111 19 92 56 29 52.0% 
  2012  71 8 63 36 18 50.2% 
  2014 71 15 57 48 20 41.6% 
  2017  56 4 52 29 14 47.7% 
7$ RW (w/o aug) 2010  117 50 67 85 22 25.8% 
  2012  106 71 36 89 10 11.1% 
  2014 104 52 51 79 15 18.9% 
  2017  108 77 31 92 10 11.1% 
8 AUG water 2010  0 0 0 0 0 0.0% 
  2012  5 0 5 1 2 260.2% 
  2014 0 0 0 0 0 0.0% 
  2017  7 0 7 1 2 240.5% 
9 RW (w/aug) 2010  n/a n/a n/a n/a n/a n/a 
  2012  111 71 41 89 11 12.2% 
  2014 n/a n/a n/a n/a n/a n/a 
  2017  115 77 39 93 12 12.7% 
 
(monthly average in million gallons) 
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Table 9 – Water Balance 
 
  2012 2014 
  (MG) (MG) 
SYSTEM in 1626 1646 
SYSTEM out 1491 1491 
difference 135 154 
% difference 8% 9% 
   
WTP in 1626 1646 
WTP out 1510 1488 
difference 116 158 
% difference 7% 10% 
   
WWTP in 1837 1739 
WWTP out 1491 1520 
difference 346 219 
% difference 19% 14% 
 
MG = million gallons 
 82 
 
 
Table 10 – WTP Process Flow Fractionation Analysis 
 
    Max Min Range Mean SD CV% 
1 Raw water 
into plant 
2010  100% 100% 0% 100% 0% 0.0% 
2012  100% 97% 3% 100% 1% 1.0% 
2014 100% 100% 0% 100% 0% 0.0% 
2017  100% 95% 5% 99% 2% 1.6% 
2 POTwater 2010    
A percentage is not used to calculate 
potable water produced.  Rather, the 
sum of permeate and blend is used. 
  
2012      
2014     
2017      
2$ POTwater 2010    A percentage is not used to calculate 
potable water delivered.  Rather, 
backwash is subtracted from potable 
water produced. 
  
2012      
2014     
2017      
2a PERMeate 2010  72% 67% 6% 70% 2% 2.4% 
2012  75% 71% 4% 73% 1% 1.9% 
2014 73% 68% 5% 73% 2% 2.2% 
2017  76% 69% 7% 73% 2% 2.7% 
2b Blend 2010  20% 15% 5% 16% 1% 7.5% 
2012  17% 16% 1% 17% 0% 2.2% 
2014 17% 16% 1% 16% 0% 2.6% 
2017  18% 13% 5% 15% 2% 10.4% 
3 CONcentrate 2010  17% 15% 1% 16% 0% 2.4% 
2012  20% 18% 2% 18% 1% 2.8% 
2014 19% 17% 2% 18% 1% 3.5% 
2017  19% 17% 2% 18% 1% 3.4% 
4 Backwash 2010  7% 3% 4% 5% 1% 22.9% 
2012  4% 3% 1% 4% 0% 9.4% 
2014 5% 3% 2% 4% 1% 16.2% 
2017  6% 4% 2% 4% 1% 13.6% 
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Table 11 – WWTP Flow Fractionation Analysis 
 
    Max Min Range Mean SD CV% 
5 Wwater 2010    A percentage is not used to 
calculate influent wastewater.  
Rather, it is computed by 
subtracting WTP waste streams 
from influent wastewater. 
  
2012      
2014     
2017      
5* I+I 2010  10% -5% 15% -1% 4% -485.4% 
2012  7% 4% 3% 6% 1% 12.6% 
2014 10% -15% 24% -2% 8% -429.7% 
2017  8% -1% 9% 3% 2% 85.3% 
6 WWTP Influent 2010    A percentage is not used to 
calculate influent wastewater.  
Rather, this field is based on 
measured flows by the WWTP. 
  
2012      
2014     
2017      
7 Discharge 2010  61% 15% 46% 39% 17% 43.8% 
2012  43% 7% 37% 26% 11% 42.2% 
2014 57% 11% 46% 38% 16% 40.8% 
2017  41% 4% 37% 23% 10% 43.9% 
7$ RW (w/o aug) 2010  90% 36% 53% 62% 19% 30.6% 
2012  89% 51% 38% 68% 11% 16.5% 
2014 81% 45% 36% 63% 12% 18.6% 
2017  93% 56% 37% 74% 11% 14.4% 
8 AUG water 2010    A percentage is not used to 
calculate water used for 
augmentation.  Rather, it is 
determined by the water manager 
depending on RW demands and 
availability. 
  
2012      
2014     
2017      
9 RW (w/aug) 2010  90% 36% 53% 62% 19% 30.6% 
2012  93% 51% 42% 68% 12% 17.8% 
2014 81% 45% 36% 63% 12% 18.6% 
2017  99% 56% 43% 75% 12% 16.4% 
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Figure 12 – Water Flows Analyzed in the Dunedin Urban Water Cycle 
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Figure 13 – Detailed Operations at the WTP 
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Figure 14 - Detailed Operations at the WWTP 
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Figure 15 – Data Availability 
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Figure 16 – Average Annual Rainfall, Pinellas County 
(SWFWMD, 2018) 
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Figure 17 – WTP/WWTP Water Balance Schematic 
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Figure 18 – Water Balance for WTP and WWTP (2014) 
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Figure 19 – Rainfall for 2010, 2012, 2014 and 2017 
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Figure 20 – Water Extraction and Production for 2010, 2012, 2014 and 2017 
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Figure 21 – Wastewater Flows for 2010, 2012, 2014 and 2017 
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Figure 22 – WTP Flow Fractionation Hierarchy 
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Figure 23 – WWTP Flow Fractionation Hierarchy 
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Phase 2:  Computing Salinity 
Description of Water Quality within the Urban Water Cycle 
As mentioned in the water balance chapter, water transforms in the urban water cycle, 
very much like in the natural water cycle.  The fourteen water types that exist at any one time in 
the cycle are described in the previous chapter.  In this chapter, water quality, mainly conductivity 
and chloride concentrations, are computed and examined at only eight points in the cycle.  A salt 
balance is also performed in order to validate the mass balance for the salt portion.  
Water Types 
The water types analyzed by quality are labeled with letters in Figure 24.  
• a – RAWwater and AUGwater - The quality of this water type is shown at two places in the 
water cycle.  It is the raw groundwater that is used for potable water production as well as to 
augment reclaimed water during dry periods.  To maintain high water quality, Dunedin uses 
the ‘sippy straw’ method, (described in chapter three).  Water from in the wellfield contains 
aggressive iron laden water, which requires additional treatment to satisfy EPA’s strict water 
quality standards for drinking water. 
• b – PERMeate - Permeate is the water that passes through the RO membrane.  It virtually 
contains no salt. 
• c – CONcentrate - Concentrate is the very saline waste stream produce from the RO process.  
It is piped from the WTP directly to the WWTP via a dedicated pipeline. 
• d – Blend - Blend water is raw ground water and is of the same quality of the pretreated RAW 
groundwater in the.  It is labeled differently in the model because it is blended with permeate 
to produce potable drinking water.  If the quality of this water diminishes, it will affect the quality 
of the drinking water and could potentially fail to meet water quality standards.  
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• e – POTwater - POTwater or potable water is treated to meet water quality standards.  It is 
made up of two other water streams: permeate and blend water (through internal processes 
in the WTP).  
• f – WWater - WWater is wastewater received by the WWTP.  This stream of water consists of 
both liquid and solids conveyed by gravity in the sanitary sewer system.  It includes one of the 
waste streams from the WTP (backwash), as well as I&I (see water balance chapter). 
• g-RWater - Reclaimed water is wastewater that has been treated for reuse (also considered 
as a revenue water).  At times, this water is augmented with raw groundwater.  However, in 
the model, this water is not mixed with groundwater. 
• h - WWTP Discharge - Discharge from the WWTP is treated wastewater that is discharged to 
St. Josephs Sound.  The amount of chloride in the discharge is very similar to that of reclaimed 
water (see Table 15).  
Background  
Severe groundwater quality issues together with the threat of salt water intrusion lead the 
City of Dunedin to carefully choose an appropriate water treatment system for their city.  They 
also chose to invest in a WWTP facility that would provide highly treated wastewater effluent for 
lawn irrigation. 
The WTP consists of a pretreatment process to address the aggressive iron and hydrogen 
sulfide issue.  This consists of potassium permanganate chemical addition, sulfuric acid and 
antiscalant injection.  This is followed by membrane softening with reverse osmosis membranes 
to produce potable water with the possibility of more saline source water if salt water intrusion 
were to become an issue.  Then, the water treatment process is completed with typical potable 
water finishing treatments (i.e., chlorination and fluoridation) (City of Dunedin, 2015). 
The WWTP receives influent wastewater through the sanitary sewer system.  These sewer 
lines also receive backwash from the WTP greensand filters as part of the influent wastewater.  
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Concentrate from the WTP is received through a separate pipeline where it is treated and 
becomes part of the effluent used to produce reclaimed water.  After treatment through the A2O 
process, high quality treated effluent is either distributed as reclaimed water or flow through an 
outfall pipe to St. Joseph Sound. 
Water quality parameters are measured at different points in the WTP and WWTP (Table 
12), as depicted in Figure 25.  Water quality at these sampling points are of interest in our study 
for the following reasons: 
• Raw well water: determines membrane type, production rate, and quality of the drinking water. 
• Permeate: determines amount of water that can be produced. 
• Concentrate and/or raw sewage: affects the operation of WWTP/survivability of micro-
organisms. 
• Potable water: compliance with drinking water quality standards. 
• Reclaimed water: salt tolerance needed for irrigation. 
• Discharge: water quality at urban waters.  
Definitions 
Salinity, defined as the total concentration of dissolved salts in water.  Since there are 
many different salts that contribute to salinity in water, and dependent on the surrounding 
environment, it is difficult to measure.  It is a strong contributor to and is often derived from the 
conductivity measurement (APHA, AWWA, WEF, 1999; Wagner, Boulger, Jr., Oblinger, & Smith, 
2006). 
Total dissolved solids (TDS) is a measurement of all of the ions that make up salinity 
concentrations as well as other compounds such as dissolved organic matter.  A TDS 
measurement of water with little to no organic content is virtually equal to salinity (Thompson, et 
al., 2006).  TDS can be estimated from a conductivity measurement. 
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Conductivity is one of the most commonly measured water quality parameters.   “In 
addition to being the basis of most salinity and total dissolved solids calculations, conductivity is 
an indicator of change in a water system” (Miller, Bradford, & Peters, 1988).  Dunedin 
systematically takes conductivity measurements at different points of their water system (WTP 
and WWTP) measure water quality at different points of the system. Although they take other 
water quality measurements for reporting, etc., conductivity is consistently measured throughout. 
Assessment of Data Collected 
A preliminary analysis of the of the available data was conducted.  There were some 
limitations with constructing a salt balance for this system. 
1. It is important to note that a salinity measurement, per se, was not measured throughout the 
system. 
2. The type and frequency of water quality measurements vary throughout the system; the 
wastewater treatment plant exclusively measures conductivity, while the water plant 
measures both for chlorides and conductivity (see Table 12).  However, there was sufficient 
overlap to construct a model using data using the most available parameter: conductivity (see 
Table 13). 
The data for years 2010, 2012, 2014 and 2017 was used to conduct the salt balance for 
the system.  
Methods 
Conductivity measurements are consistently available and is the basis for salinity 
measurements.  The model was constructed using the conductivity data provided at the various 
points (Figure 25, pink sampling points).  Since salinity is practically defined in literature as total 
dissolved solids (TDS), it was initially assumed that, for the purposes of this research, it could be 
synonymous with salinity (Thompson, et al., 2006).   
Water types and their corresponding conductivity vary greatly as water is transformed 
through the urban water cycle (Figure 24).  Therefore, the factors in calculating TDS depend on 
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the range of conductivity (low to high), as determined in literature (Table 14).  These levels are 
divided into low conductivity range, less than or equal to 1000 μS, medium, between 1000 and 
2000 μS and high, above 2000 μS (APHA, AWWA, WEF, 1999; Eutech Instruments, 2005; Ponce, 
2014).   
Salinity was to be computed (chloride concentrations) using the factors found in literature 
(Table 14).  However, in the validation process, the results did not coincide with chloride 
concentration measurements taken at select points in the system (Fondriest Environmental Inc., 
2016).  The reason behind this is that measurements taken at the WTP / WWTP reflect only 
chloride concentrations, while these factors (in literature) include all TDS.  Use of these factors 
would not yield appropriate results.  Fortunately, there are strong correlations between water 
quality parameters which would allow for the computation of salinity for the purposes of this study 
(Jothivenkatachalam, Nithya, & Mohan, 2010).  
Correlation and Regression Equations 
The goal of the correlation and regression study was to generate approximate salinity 
levels throughout the cycle.  Conductivity data was available for all points of interest (Table 15), 
while only three had chloride concentration measurements (only raw, potable, and reclaimed).  
The available data allowed for chloride concentrations to be computed and validated.  Figure 26 
shows two rows of circles labeled with the letters that correspond to each water type.  The top 
row represents conductivity measurements, while the row below, shows points with corresponding 
chloride measurements in green.  These three fell into the different ranges of conductivity which 
would prove useful in providing relevant chloride concentrations for water types throughout the 
system; potable (e) water fell into the low range, raw groundwater (a) into the medium range, and 
reclaimed water (g) into the high range. 
The steps to compute salinity for the points of interest were as follows: 
• Perform correlation between conductivity and salinity measurements for the three points, 
• Generate regression equations, which fell into desired ranges of conductivity, 
 98 
 
• Validate against existing quality data, and 
• Compute Cl- concentrations for the remaining points. 
The correlation coefficient, commonly known as Pearson’s coefficient (R), was computed, 
using Microsoft Excel’s data analysis tool.  Linear regressions between the conductivity data and 
known chloride concentration measurements were also computed for all three points of the 
chosen time periods.  The results are presented in Table 16 and the values compared.  The higher 
correlation coefficients indicate that these two variables are highly correlated. Therefore, 
regression equations for each water type with high correlation coefficients were selected to 
generate salinity concentrations (shaded in gray).  
Results 
The chloride concentration for different water types was calculated using the regression 
equation substituting the values for the conductivity in the equations. The results were validated 
against the values for chloride concentration for the water types which had them.  Table 16 shows 
the close correlation between the observed (o) and predicted (p) values.  A statistical analysis for 
the Maximum, Minimum, Range, Mean, Standard Deviation (SD) and the Coefficient of Variation 
(CV) for each of these water types has been presented.  Low Coefficient of Variation for the 
observed vs. the predicted indicates that the variation range is narrow and thus within an 
acceptable range, except for permeate which was high. 
Salinity concentrations were computed in the same manner for the remaining water types 
using the regression equation for the corresponding conductivity range (Table 17).  The results 
are shown in Table 19.  Since there are no measured salinity concentrations at these locations, 
there is no basis for comparing measured vs. calculated concentrations. 
Summary 
The purpose in computing salinity was to ultimately (1) perform a salt balance and (2) 
predict salinity levels at the points of interest within the urban water cycle.  The water quality at 
eight points in the system have been computed and analyzed.  Three of the eight points had 
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corresponding salinity measurements that served to validate their correlation to conductivity.  The 
validation of these computations showed that the results generated were sound.  The following 
section shows the salt balance. 
 
 
 
Table 12 – Water Quality Data Collected Throughout the System 
 
 
Type Location
Chloride Conductivity TDS Sulfate Other
WTP
Raw water @ wells 2 1
Concentrate @ water plant 4
Permeate @ water plant 4
Clearwell @ clearwell 5 5
Potable water @ water plant 5 5 3 6
WWTP
Raw sewage @ wastewater plant 5
Discharge @ splitter 5 7
Reclaimed water @ distribution 5
Notes:
1
2
3
4
5
6
7
once daily, manually
all parameters measured twice a year for biannual reporting
all parameters measured once a year for annual reporting
Water Quality Parameter
daily @ composite tap at influence of water plant
monthly @each well
calculated from daily measurements
not previously measured; monthly measurements to be taken
Table 13 – Data Used 
 
 
Type Location
From To From To
WTP
Raw water @ wells Jan-08 Dec-17 Jan-12 Feb-15
Concentrate @ water plant Jan-12 Oct-15
Permeate @ water plant Jan-12 Oct-15
Blended water @ clearwell Jan-08 Dec-17 Jan-12 Feb-15
Potable water @ water plant Jan-08 Dec-17 Jan-12 Feb-15
WWTP
Raw sewage @ plant Aug-12 Jan-18
Discharge @ splitter Aug-12 Jan-18
Reclaimed water @ distribution Jan-12 Dec-17 Jan-12 Jan-18
Time Period
Chloride Conductivity
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Table 14 – Accepted TDS Factors by Water Type 
 
Conductivity → Water Type Factor Reference 
Low: Fresh/nearly pure 0.47 to 0.50 (Eutech Instruments, 2005) 
Medium: Mixed 0.735 (Ponce, 2014) 
High: Saline 0.80 (Ponce, 2014) 
High in Ca2+ or SO42- 0.80 (APHA, AWWA, WEF, 1999) 
 
Table 15 – Measured Conductivity Ranges for the Water Types 
 
    Max Min Range Mean SD CV% 
a - RAW water 2012 1093 984 109 1052 30 2.9% 
  2013 1123 1017 107 1083 36 3.3% 
  2014 1113 1009 104 1047 30 2.9% 
b - PERMeate 2012 315 237 78 267 22 8.1% 
  2013 310 264 47 278 13 4.6% 
  2014 344 242 102 280 35 12.6% 
c - 
CONcentrate 
2012 4123 3143 980 3622 278 7.7% 
2013 3820 3478 343 3657 103 2.8% 
2014 4190 3030 1160 3694 362 9.8% 
d - Blend  2012 1093 984 109 1052 30 2.9% 
  2013 1123 1017 107 1083 36 3.3% 
  2014 1113 1009 104 1047 30 2.9% 
e - POTable 2012 486 437 49 471 13 2.7% 
2013 503 476 27 490 9 1.9% 
2014 565 467 98 513 29 5.7% 
f - WWTP 
Influent 
2012 2625 2375 250 2500 90 3.6% 
2013 2850 2575 275 2710 99 3.7% 
2014 2775 2250 525 2550 154 6.0% 
g - RWater 2012 2800 2167 633 2493 220 8.8% 
  2013 2975 2500 475 2754 154 5.6% 
  2014 3050 2725 325 2850 111 3.9% 
h - WWTP 
discharge 
2012 2625 2400 225 2510 89 3.6% 
2013 3025 2375 650 2779 230 8.3% 
2014 3075 2775 300 2923 96 3.3% 
 
 101 
 
 
 
 
 
Table 16 – Correlation Coefficient and Regression for 
Significant Value of Correlation 
 
 R 
Regression 
coefficient 
 a b 
RAW 2012 0.781 0.337 -195.891 
RAW 2013 0.783 -0.280 469.900 
RAW 2014 0.324 -0.324 513.954 
POTable 2012 0.969 0.206 -3.685 
POTable 2013 0.974 0.360 -77.540 
POTable 2014 0.939 0.183 4.493 
RW 2012 0.888 0.098 17.772 
RW 2013 0.090 0.013 229.917 
RW 2014 0.238 0.044 138.500 
 
Table 17 – Regression Equations for Conductivity Levels 
 
Conductivity Level Water Type Regression Equation 
Low μS <1000 POTable (e) Cl- Concentration = 0.360 (Conductivity) - 77.540 
    PERMeate (b)   
Medium 1000 < μS < 2000 RAWwater (a) Cl- Concentration = - 0.280 (Conductivity) + 469.900 
    AUGwater (a)   
High 2000 > μS CONCentrate (c) Cl- Concentration = 0.098 (Conductivity) + 17.772 
    WWTP Influent (f)  
    Discharge (h)   
    RWater (g)   
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Table 18 – Statistical Analysis of Observed vs. Predicted Values for Chloride 
Concentrations (Using Regression Equation) 
 
    Max Min Range Mean SD CV% 
a - Raw water*            
*d - Blend water 
is the same 
quality as Raw 
water 
2012 (o) 176 133 43 159 13 8.2% 
2012 (p) 194 163 31 175 8 4.8% 
2013 (o) 197 147 50 166 13 7.8% 
2013 (p) 185 155 30 166 10 6.1% 
2014(o) 223 143 80 174 31 17.5% 
2014(p) 187 158 29 176 9 4.8% 
e - POTable 2012 (o) 96 86 10 93 3 2.9% 
2012 (p) 97 80 18 92 5 5.1% 
2013 (o) 103 94 9 99 3 3.5% 
2013 (p) 104 94 10 99 3 3.4% 
2014(o) 107 88 20 98 6 5.8% 
2014(p) 126 90 35 107 11 9.9% 
g - RWater 2012 (o) 294 220 74 265 21 7.8% 
2012 (p) 291 230 62 261 21 8.2% 
2013 (o) 290 210 80 266 22 8.4% 
2013 (p) 309 262 46 287 15 5.3% 
2014(o) 294 220 74 265 21 7.8% 
2014(p) 316 284 32 296 11 3.7% 
 
Table 19 –  Statistical Analysis of Calculated Values for Chloride Concentrations 
(Using Regression Equation) 
 
    Max Min Range Mean SD CV% 
b - PERMeate 2012 36 8 28 18 8 42.2% 
2013 34 17 17 23 5 20.3% 
2014 46 10 37 23 13 55.1% 
c - CONcentrate 2012 421 325 96 372 27 7.3% 
2013 391 155 236 159 7 4.3% 
2014 427 173 254 181 6 3.1% 
f - WWTP 
Influent 
2012 274 250 24 262 9 3.4% 
2013 296 269 27 283 10 3.4% 
2014 289 238 51 267 15 5.6% 
h - WWTP 
discharge 
2012 274 252 22 263 9 3.3% 
2013 313 250 64 289 22 7.8% 
2014 318 289 29 303 9 3.1% 
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Figure 24 – Water Quality Points of Interest 
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Figure 25 – Water Treatment Processes and Sampling Points 
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a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
 
Figure 26 – Schematic for Computing Salinity 
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Phase 3:  Salt Balance 
The salt balance is similar to the water balance in that it takes into account the amount of 
salt that comes into the system (i.e., through the raw water extracted from the wellfield) and the 
amount that leaves (is either discharged or reused).  When the inputs and the outputs are equal, 
then the system is said to be in balance.   
Methods 
Assumptions 
• The salt balance for Dunedin has the same system boundary as the water balance. The salt 
model will be based on the water balance model, attaching salinity concentrations at the 
various points in the system (in mg/L) to the flow of water through the system (million gallons). 
• For the purposes of this study, the terms chloride and salt will be used interchangeably. 
Input Values 
The salt balance was computed using 2014 as the base year.  It was computed in two 
different ways simply to gauge if the difference between measured and computed chloride 
concentrations was due to error or because of a loss in the system.  The first method was to 
compute the mass of salt in the system by using the chloride concentrations generated by the 
regression equations. The second method was to compute the mass of salt by using the 
measured chloride concentrations where available and compute the mass of salt for the remaining 
points using the chloride concentrations generated by the regression equations.   
Chloride concentration (mg/L) is multiplied the flow from the water balance (in gallons, 
converted to liters).  The result was the mass of chloride (converted to kilograms). 
Results 
An overall system balance was conducted.  The mass of the salt coming in as raw water 
vs. that of the salt leaving the system as wastewater discharge and reclaimed water.  The 
difference between both years is quite significant; there is a 5% loss for 2012, while 2014 shows 
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52% more salt leaving the system than what entered as raw water.  The following are possible 
sources of error: 
• Error in Computing Cl- Concentration - To check on the potential error that could have been 
generated due to the linear regression, the salt mass balance was checked against two 
important nodes:  the WTP and the WWTP.  At the WTP, raw groundwater comes into the 
plant and three streams leave: concentrate, backwash and potable water produced (Figure 
20).  Using the regression only method, there is a 22% difference between the amount of salt 
enters and leaves the system (for 2014), while the combined method gives a 27% difference.  
The salt balance for 2012 also shows a similar discrepancy (Table 20).  Although the amount 
of error is significant, the variation of error between the two methods does not vary by much 
(only 5%), indicating that the method of calculation is sound and that the cause of error may 
come from another source.   
• Backwash - It is important to note that the quality of backwash is not measured separately in 
the system, which is why it is not identified as one of the eight water types examined.  Although 
the amount of backwash water is small (up to 7% of the water produced) compared to the 
entire flow at this node, it may quite possibly be the source of the missing salts in the system.  
This water type starts out as potable water used to backwash the green sand filter and is 
disposed of directly in the sanity sewer (see Figure 13).   
• I&I – The water quality of I&I is another unknown within the system.  The data analysis shows 
that it can make up approximately 10% to 15% of the wastewater flow.  It just so happens that 
the surficial groundwater in portions of the service area are high in chloride, so infiltration into 
the system could easily account for some of the chloride.  FDEP issued a letter, dated May 4, 
2017, stating that from 2012 to 2016 showed exceedances of the ground water minimum 
criteria; some of these included exceedances of chloride levels. 
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• Water “loss” in the System - As discussed in the water balance section, up to 15% of the water 
that is “lost” in the potable water system (non-revenue water) can be attributed to legitimate 
uses of water within the city.  This missing water also carries salt.  Therefore, up to 15% of 
the missing salt in the system can be attributed to non-revenue water. 
In performing a salt balance for the WWTP, the flows into the WWTP consist of influent 
wastewater from the sanitary sewer and concentrate.  Discharge and reclaimed water are the 
outflows (Figure 27).  The influent wastewater quality (which includes backwash) is calculated 
using regression equation, as is the discharge flow and concentrate.  However, both water quality 
parameters are measured for reclaimed water. 
Summary 
This chapter provides a brief overview of the water quality in the urban water cycle.  The 
salt balance, although challenging to calculate, was computed using correlation and regression 
equations for the different levels of conductivity measured throughout the system.   
Through this exercise, several things were accomplished.  First, the reliability of the 
regression between conductivity and chloride concentrations was confirmed.  It was possible to 
identify the source of ‘missing salt’ within the system.  It was also possible to observe the amount 
of salt that could infiltrate into the system and end up in the WWTP.  This information is useful 
since the salinity levels sent to the WWTP can affect the survivability of the microorganisms 
treating the wastewater. 
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Table 20 – Salt Mass Balance Comparison 
 
  2012 2014 
  (kg) (kg) 
SYSTEM in         1,080,460  1,098,325 
SYSTEM out         1,026,465  1,722,348 
difference             53,995         (624,024) 
% difference 5% -36% 
   
WTP in         1,075,983  1,098,325 
WTP out           785,427  856,118 
difference           290,556          242,207  
% difference 27% 22% 
   
WWTP in         1,015,227  1,857,796 
WWTP out         1,026,465  1,722,348 
difference            (11,238)         135,447  
% difference -1% 7% 
 
 
 
Figure 27 – WTP/WWTP Salt Balance Schematic 
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Phase 4: Predicting Salinity 
This portion of research focuses on predicting salinity within the urban water cycle with 
increasing salinity in source water.  The purpose is to demonstrate the importance of identifying 
vulnerable points in a near-closed loop water cycle subjected to the impacts of climate change.  
Increased salinity in the urban water cycle is considered to be an indicator of impacts of climate 
change due to sea level rise (because of salt water intrusion into the coastal aquifer and 
subsequent contamination of water supply wells) as well as drought. 
Water quality is important in both determining treatment needs for potable purposes as 
well as how discharges of treated wastewater affects the environment.  In this case study, efforts 
have been made to sustainably manage the urban water cycle.  The cycle includes the 
concentrate waste stream from the RO water treatment plant and recycles it together with its 
wastewater, thereby reducing its impact on urban waters.  However, in doing so, the salt (the 
main component of the concentrate waste stream) is not just a limiting factor in its water 
production but may also cause vulnerabilities within the system that would ordinarily not exist had 
it been discharged into the Sound.  Other coastal cities, if faced with this added threat of sea level 
rise, may experience difficulty in meeting water supply demands because of the diminished quality 
of source water.   
Methods 
In order to predict salinity in the system, it is necessary to establish a link between 
incoming salt to the system and the effect it has at the points of interest.  Points of interest, as 
listed in previous sections are: 
• Raw well water - determines membrane type, production rate, and quality of the drinking 
water. 
• Permeate - determines amount of water that can be produced. 
• Concentrate - can affect the operation of the WWTP. 
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• Blend - same as raw well water. 
• Potable water - compliance with drinking water quality standards. 
• Wastewater - survivability of micro-organisms at the WWTP. 
• Reclaimed water - salt tolerance of turf grass needed for irrigation. 
• Discharge - water quality at urban waters.  
Assumptions 
• Water and salt balances from 2014 was selected as a base year. 
• No water was used to augment reclaimed water in this scenario.  It is assumed that during 
drought and/or sea level rise, water managers would not use raw water for irrigation. 
• In observing the WTP hierarchy in Figure 22, it was determined that water quality of the source 
water (raw groundwater) would determine the salinity levels for the streams in the WTP, 
namely the permeate, concentrate and potable water streams. 
• On the other hand, at the WWTP, the concentrate will impact wastewater salinity more directly 
than source water.  This becomes apparent by examining the graphical relationships from the 
first correlation (see Figure 28) as well as the WWTP hierarchy in Figure 18.  
Input Values 
Future salinity levels were computing using a combination of steps. 
• Step 1: Correlation Between Past and Future Salinity - The correlation was done using two 
variables.  First, variable a (raw water, in green in Figure 23) was used to generate the water 
quality for variables b, c, d, and e.  Then, the calculated values for c (concentrate), was used 
to generate water quality values for f, g and h.  
The results of the linear regressions for all three years (2012, 2013 and 2014) are shown 
in Table 21.  Higher the correlation coefficients and lower error indicate the better the variables 
are correlated.  Therefore, the regression equation with the most desired response was selected 
(shaded in gray).   
 111 
 
The graphic representation of the results of the second correlation is shown on Figure 29.  
Solid dots indicate computed values, while colored circles indicate original values.  Note that 
although the distribution of the values vary, the concentrations are in similar ranges.   
• Step 2:  Fractionation of Salts - Just as the flows through the cycle fractionate as they move 
through the cycle, so does the salt.  This computation was done using the information 
gathered from the salt balance (see Figure 30 and Table 25). 
• Step 3:  Compute Cl- Concentrations to Simulate Future Scenarios - Projected salinity 
concentrations were computed by: 
• using the 2014 year as the baseline year (Table 26), 
• assuming an increasing salinity of source water, 
• multiplied by the mass of the salt computed for the balance,  
• and its corresponding fraction of salt, 
• and divided by the flow volume from the water balance. 
Results 
The results of the scenario run for the WTP showed that the water quality limit (MCL) for 
drinking water was exceeded when raw water quality approached 400 mg/L (see highlighted cells 
in Table 27).  This serves at the basis for discussion for resilience and additional thresholds of 
consequence within a nearly closed-loop, integrated system.  Critical thresholds explored further 
in chapter 5. 
Summary 
This chapter describes the steps taken to develop the simulation of future salinity levels 
within the urban water cycle.  A second correlation was performed using the two variables that 
impact water quality downstream; raw water directly impacts drinking water quality and 
concentrate impacts wastewater, reclaimed water and discharge salinity levels.  Together with 
the data developed in the previous steps (from phases 1 through 3), salinity levels were increased, 
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providing a snapshot of where critical thresholds were exceeded.  The drinking water MCL for 
chloride was exceeded near 400 mg/L of chloride.  This exercise provides the basis for analyzing 
resilience of an IUWM system which is discussed in depth in the following chapter. 
 
 
 
 
 
 
Table 21 – Correlation Coefficient and Regression for 
Significant Value of Correlation 
 
    Standard  
Error 
R 
Regression 
coefficient 
    a b 
2
0
1
2
 
b - PERMeate 8.059 0.164 0.098 2.865 
c - CONcentrate 25.556 0.445 -0.934 519.845 
e - POTable 1.974 0.730 0.155 68.708 
f - Influent WW 10.110 0.110 0.048 244.967 
g - RW 15.701 0.690 0.525 69.887 
h - Discharge 9.998 0.137 0.059 241.928 
2
0
1
3
 
b - PERMeate 4.484 0.363 0.129 1.279 
c - CONcentrate 6.880 0.761 0.594 276.518 
e - POTable 3.092 0.539 -0.146 123.089 
f - Influent WW 9.948 0.203 0.194 209.753 
g - RW 23.298 0.083 -0.184 334.807 
h - Discharge 19.668 0.552 -1.227 749.651 
2
0
1
4
 
b - PERMeate 12.525 0.346 0.144 -2.040 
c - CONcentrate 37.095 0.012 -0.014 381.291 
e - POTable 5.383 0.441 -0.083 112.465 
f - Influent WW 14.257 0.426 -0.181 335.501 
g - RW 13.978 0.765 -0.448 434.742 
h - Discharge 7.890 0.593 -0.157 362.781 
 
Table 22 – Regression Equation Used for Each Water Type 
 
Water Type Regression Equation 
b - PERMeate 0.129 (RAW Cl- concentration) + 1.279 
c - CONcentrate 0.594 (RAW Cl- concentration) + 276.518 
e - POTable 1.974 (RAW Cl- concentration) + 68.708 
f - Influent WW -0.181 (CONcentrate Cl- concentration) + 335.501 
g - RW -0.448 (CONcentrate Cl- concentration) + 434.742 
h - Discharge -0.157 (CONcentrate Cl- concentration) + 362.781 
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Table 23 – Observed/Calculated vs. Predicted Values for Chloride Concentrations 
(Using Correlation with RAW Water) 
 
    Max Min Range Mean SD CV% 
a - Raw water 2012 (o) 176 133 43 159 13 8.2% 
2013 (o) 197 147 50 166 13 7.8% 
2014 (o) 223 143 80 174 31 17.5% 
b - PERMeate 2012 (c) 36 8 28 18 8 42.2% 
2012 (p) 24 18 6 23 2 7.4% 
2013 (c) 34 17 17 23 5 20.3% 
2013 (p) 27 20 6 23 2 7.4% 
2014 (c) 46 10 37 23 13 55.1% 
2014 (p) 30 20 10 24 4 16.6% 
c - CONCentrate 2012 (c) 421 325 96 372 27 7.3% 
2012 (p) 381 355 25 371 8 2.1% 
2013 (c) 391 358 33 375 10 2.7% 
2013 (p) 393 364 29 375 8 2.1% 
2014 (c) 427 350 77 385 30 7.9% 
2014 (p) 409 361 48 380 18 4.8% 
e - POTable 2012 (o) 96 86 10 93 3 2.9% 
2012 (p) 96 89 7 93 2 2.2% 
2013 (o) 103 94 9 99 3 3.5% 
2013 (p) 99 94 5 99 3 3.5% 
2014 (o) 107 88 20 98 6 5.8% 
2014 (p) 103 91 12 96 5 4.9% 
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Table 24 – Observed/Calculated vs. Predicted Values for Chloride 
Concentrations (Using Correlation with Concentrate) 
 
    Max Min Range Mean SD CV% 
f - WWTP 
Influent 
2012 (c) 274 250 24 262 9 3.4% 
2012 (p) 271 267 5 268 1 0.5% 
2013 (c) 296 269 27 283 10 3.4% 
2013 (p) 270 264 5 268 1 0.5% 
2014 (c) 289 238 51 267 15 5.6% 
2014 (p) 270 262 9 267 3 1.2% 
g - RWater 2012 (o) 294 220 74 265 21 7.8% 
2012 (p) 276 264 11 269 3 1.3% 
2013 (o) 290 210 80 266 22 8.4% 
2013 (p) 272 259 13 267 3 1.3% 
2014 (o) 294 220 74 265 21 7.8% 
2014 (p) 273 252 21 265 8 3.1% 
h - WWTP 
discharge 
2012 (c) 274 252 22 263 9 3.3% 
2012 (p) 307 303 4 305 1 0.4% 
2013 (c) 313 250 64 289 22 7.8% 
2013 (p) 306 301 5 304 1 0.4% 
2014 (c) 318 289 29 303 9 3.1% 
2014 (p) 306 299 7 303 3 0.9% 
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Table 25 – Salt Fractionation Analysis 
 
    Max Min Range Mean SD CV% 
a - RAWwater 2012  - - - - - - 
2014 - - - - - - 
b - PERMeate 2012  13% 3% 10% 7% 3% 44% 
2014 15% 3% 12% 8% 4% 53% 
c - CONcentrate 2012  36% 30% 6% 32% 2% 6% 
2014 35% 28% 7% 32% 2% 7% 
d - Blend 2012  17% 16% 1% 17% 0% 2% 
2014 17% 16% 1% 16% 0% 3% 
e - POTable 2012  47% 31% 16% 41% 4% 10% 
2014 53% 38% 15% 46% 4% 8% 
f - Wwater 2012  - - - - - - 
2014 - - - - - - 
g - Rwater 2012  87% 58% 29% 72% 12% 17% 
2014 90% 53% 37% 70% 12% 17% 
h - Discharge 2012  75% 16% 59% 38% 24% 63% 
2014 67% 13% 54% 44% 19% 44% 
 
Table 26 –Baseline 
 
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 c
l-
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
  
J 158 14 350 1130 102 272 309 313 
F 166 10 351 1107 102 265 309 311 
M 172 14 370 1185 100 272 306 318 
A 173 19 359 1149 98 289 289 301 
M 178 17 360 1090 116 287 287 289 
J 183 15 416 869 113 282 294 296 
J 187 38 427 896 122 257 299 296 
A 184 46 427 891 126 250 284 294 
S 185 20 373 964 107 257 289 299 
O 175 38 409 840 109 238 287 304 
N 173 35 389 819 98 269 289 304 
D 180 10 314 802 90 267 316 316 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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Table 27 – Drinking Water MCL Exceeded 
 
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 c
l-
 c
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
  
 J 394 34 875 2825 254 680 771 784 
F 416 25 878 2767 255 661 771 777 
M 429 36 924 2964 250 680 765 796 
A 431 47 898 2872 245 722 722 753 
M 446 43 900 2726 290 716 716 722 
J 458 37 1040 2173 283 704 735 741 
J 467 95 1068 2241 305 643 747 741 
A 460 116 1068 2228 314 625 710 735 
S 462 50 933 2409 268 643 722 747 
O 438 96 1023 2101 273 594 716 759 
N 432 89 973 2047 245 674 722 759 
D 449 24 785 2005 226 668 790 790 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
  
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge  
 
Figure 28 – Schematic for Predicting Future Salinity Levels 
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Figure 29 – Graphical Comparison Between First and Second Correlation 
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Figure 30 – Salt Hierarchy 
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CHAPTER 5:  DISCUSSION AND CONCLUSION 
 
Discussion 
With the premise that both drought and sea level rise ultimately can lead to SWI/chloride 
contamination of source water, the scenario modeling was carried out for increasing chloride 
concentrations.   
Resilience Test/Critical Threshold Assessment 
For this research critical thresholds are thresholds that, if crossed, can have sudden and 
significant impacts (Stockholm Resilience Center, 2007; Rockstrom, et al., 2009; Steffen, 
Rockstrom, & Costanza, 2011).  For instance, excess chloride concentrations that will impact 
operations to the degree causing a change in operations, management or infrastructure upgrade 
is considered a critical threshold.  Once identified, endpoints can be established as part of the 
model so that the system knows it must operate within environmental parameters (Usaquen 
Perilla, Garcia Gomez, Garcia Gomez, Alvarez Diaz, & Revilla Cortezon, 2012).  Locating exactly 
where (within the system/subsystem) these critical thresholds (or vulnerabilities) occur is another 
important aspect to be explored.  In order to measure vulnerability of the system, three thresholds 
for chloride have been selected as indicators of resilience in the system:  potable water, reclaimed 
water and discharge thresholds.  If the system can function within these thresholds, then the 
system can reasonably continue to function, and therefore be considered resilient.  Whereas, if it 
cannot, then vulnerabilities exist within the system. 
Test 1: Drinking Water MCL 
First, the ultimate goal of a municipal water system it to provide drinking water to the 
customer.  For this, the EPA has set a standard in its Secondary Drinking Water Standards.  The 
MCL (maximum contaminant level) for chloride is 250 mg/L (USEPA, 2017).  In the model, this 
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threshold must be maintained in order for the system to be considered resilient.  If it cannot be 
maintained, the entire system collapses. 
Upon increasing the levels of chloride in the raw water source, the scenario run for potable 
water showed that the water quality limit (MCL) for drinking water was exceeded when raw water 
quality approached 400 mg/L (see Figures 26 and 27). 
The drinking water plant at Dunedin is able to adapt to the increase in chloride levels of 
the raw water.  The RO plant is able modify both its membrane type and its configuration to treat 
a variety of waters.  At the time this research was conducted, the water plant was using NF 
(Nanofiltration) membranes which can remove molecules in the 0.001 micron range.  A simple 
retrofit of membranes to one of a tighter pore size (the RO type can remove molecules in the 
0.0001 micron in diameter range).   
Another response to this resolving this issue to change the flow configuration (see Figure 
33).  Currently, the system is configured as a two stage concentrate staging and concentrate 
recirculation to increase the amount of recovery.  However, if the system were to be configured 
as a two stage permeate staging configuration, higher quality standards could be achieved. 
Assuming this scenario persists, the salt would need to be ‘routed’ to a different part of 
the system.  It could leave the system in one of two ways: either as discharge to the Sound, or as 
reclaimed water.  Test 2 considers the scenario of discharging excess salt (approximately 247,000 
kg or 550,000 lbs.) through the reclaimed water system. 
Test 2: Turfgrass Tolerance 
The critical threshold for chloride levels in reclaimed water is 800 mg/L.  This endpoint 
was selected for two reasons.  First, most turf grasses can tolerate between 200-800 mg/L, 
although some may tolerate up to 2,000 mg/L (Harivandi, 1999).  Second, the potential for 
groundwater contamination due to salt accumulation in the soils exists once chloride exceeds this 
level.  Parts of Arizona had issues of salt accumulation in using WWTP plant effluent for irrigation 
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with TDS concentrations that are between 300 to 500 mg/L over that of the drinking water levels 
(City of Phoenix, 2006). 
The contemporary baseline for reclaimed water (without augmentation) shows measured 
chloride concentrations staying within 280 mg/L and 315 mg/L.  However, when chloride 
concentrations for source water exceed 400 mg/L, the threshold of 800 mg/L was exceeded 
(Figure 27).  At that level, salt is likely to  accumulate in the soils.  Additionally, when the excess 
salt from the drinking water resilience test is ‘rerouted’ through the reclaimed water stream, the 
threshold was exceeded (Figure 29). 
There are several responses that the wastewater treatment plant can implement to deal 
with the additional salt causing the reclaimed water threshold to be exceeded.  One option would 
be to provide the reclaimed water (with higher chloride levels) for industrial uses.   A second option 
would be to consider joining a reclaimed network.  This would provide environmental benefits in 
the region through aquifer recharge, helping achieve minimum flows in surface waters and lakes, 
and other benefits.  A third option could be investing in additional technology, such as 
electrodialysis, to remove said salts.  Last, the additional salts could be shifted to discharge to the 
Sound.  
Assuming this scenario persists, the salt could need to be ‘routed’ as discharge to the 
Sound, or as reclaimed water.  Test 3 considers the scenario of discharging the excess salt (the 
same amount as in Test 2) to the Sound. 
Test 3: Discharge Regulatory Standard 
The critical threshold for chloride levels WWTP effluent discharged to the Sound is 250 
mg/L.  This endpoint was selected, as this level is mandated by State and Federal rules.   
The contemporary baseline for effluent discharges already exceeds the critical threshold.   
The data for this study included a time period for which groundwater minimum criteria was out of 
compliance in a particular region of the City.  Therefore, the I&I which penetrated the sewer 
system in this area caused effluent discharges to be out of compliance.  Additionally, when the 
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excess salt from the reclaimed water resilience test was ‘rerouted’ through the WWTP effluent 
discharge in this scenario, the threshold was exceeded even further and spiked to approximately 
5,000 mg/L (Figure 35). 
At this point of the scenario modeling, responses the amount of salt that needs to be 
discharged are limited.  Regulations for effluent discharges require chronic toxicity testing of 
effluent discharge to saline environment to be at 250 mg/L, based on reactions by Ceriodaphnia 
dubia, a freshwater organism.  Yet, the chloride levels in the Sound are approximately 29,000 
mg/L (USF Water Institute, 2018).  Regulation for discharges should reasonably reflect the salinity 
level of receiving waters.  With rising sea levels, regulations may need to change for cities to be 
able to supply water to meet the needs of their citizens. 
Microorganism Survivability 
Microorganism survivability could be a concern with increasing salts in the system.  
Studies show micro-organisms in activated sludge were able to adapt to higher salinity levels 
while salt concentrations were kept below 10,000 mg/L (Abou-Elela, Kamel, & Fawzy, 2010; 
Linaric, Markic, & Sipos, 2013).  
The contemporary baseline shows measured chloride concentrations in wastewater 
staying within 240 mg/L and 300 mg/L.  The WWTP has installed a flow equalization tank so that 
flows are constant and blend in the saline waste stream from the plant.  The tank serves as a 
resilience measure, making it highly unlikely that saline levels within the plant will endanger 
survivability of the microorganisms.   
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Figure 31 – Model Baseline 
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Figure 32 – Critical Threshold for Drinking Water MCL Exceeded 
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Existing Configuration: 2 stage concentrate staging 
 
Possible Future Configuration: 2 stage permeate staging 
 
Figure 33 - Response to Exceeded Drinking Water MCL  
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Figure 34 – Critical Threshold for Reclaimed Water Exceeded 
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Conclusion 
The sustainability and resilience of this coastal community consisted of three parts: a 
scoping study, a case study and analysis of available data of its water cycle.   
The scoping study focused on the contemporary challenges faced by water utilities in 
different regions of the United States related to increasing chloride concentrations.  Through this 
survey, it was established that the saline intrusion into fresh water sources across the United 
States is already an issue, and that climate change is likely to make it increasingly common.  
Another notable result from this study is that, regardless of the cause - the impacts of urbanization 
(i.e., over-abstraction to meet high demand), sea level rise or drought – all can be linked to 
increased chloride levels that threaten drinking water supply quality.  To guard against these risks, 
greater reliance has been traditionally been placed on developing alternative sources.  The 
scoping study also served to survey the challenges and adaptive actions taken in various places 
to protect water supply sources and manage water quality.  Vertical and lateral SWI and over-
abstraction has been an issue in the Upper Floridan Aquifer, which is a primary water source in 
 
 
Figure 35 – Effluent Discharge Threshold Exceeded 
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Florida, Georgia and South Carolina.  Their regional plan employs the same strategies seen in 
this case study: better management of the urban water cycle by conserving water, recycling 
wastewater to produce an alternative water source while reducing discharges into coastal 
ecosystems.  Overall, it was found that if insufficient consideration is given to the threat of SWI, 
then service disruptions, reduced reliability and potential long-term consequences of source water 
contamination tend to occur.  The effects on individual water supplies will vary and a ‘one size fits 
all solution’ cannot be recommended.   
The case study provided the opportunity for testing a vulnerable site location, with an 
IUWM system (composed of potable water supply, wastewater treatment and reclaimed water 
production facility) for the sustainability of the entire water cycle by using the 3Rs principle of 
sustainability (UN Center for Regional Development, 2012-2017);  reduce, reuse and recycle.  
Since protecting the environment for future generations is of principle importance, this aspect was 
also analyzed.  It was found that the system demonstrated characteristics of sustainability in 
addressing contemporary issues as well as keeping in mind the environment and resources 
needed for future generations.  Notable practices were demonstrated in (1) preventing the 
impairment of drinking water sources, (2) efficient water use and conservation, (3) implementing 
the reuse of waste streams and end-of-line capture, and (4) extensive waste water recycling 
(Diaz, Stanek, Frantzeskaki, & Yeh, 2016). 
Last, the system was tested for resilience.  Using the water flow and quality data available, 
a simulation of the water cycle was constructed.  Then, climate scenarios, with the premise that 
both drought and sea level rise ultimately lead to SWI/chloride contamination, were performed to 
see if the system continue performing its function, namely, providing water supply – both potable 
and reclaimed – to the City.  This test, not only showed that it was indeed resilient, but also helped 
provide a more in-depth understanding of the interactions between individual water cycle 
components and the level of resilience the cycle can tolerate. 
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Highly urbanized cities need not be large to feel the pressures of urbanization and climate 
change.  Small coastal cities, although making up only 10% of the US population, are just as 
relevant as larger coastal cities  to sustainable water supply regions; many are located near fast 
growing metro areas and are generally highly integrated (social and economically) to the urban 
core (Mackun, Wilson, Fischetti, & Goworowska, 2011).  Water systems of a size similar to that 
of Dunedin serve 70% of the U.S. population which receives their water from a community water 
system (US EPA, 2012).  Although the Dunedin case study is not intended to illustrate the regional 
scale, it does serve to illustrate how holistic management of water through IUWM yields surprising 
benefits when water is managed as a single resource rather than in a segregated fashion.  In this 
case, this transition created a synergy between utilities and also with the water consumers, 
leading them to more sustainable practices being propagated within the city.   
In summary, the integration of water utilities cause systems to become more complex, 
does not make the system more fragile.  Rather, its complexity and interdependence allow for 
flexibility, adaptability and increased resilience.   
Future Work  
Further Modeling 
This research was limited to the interconnected systems, namely the WTP and the WWTP.  
However, a closer look at the existing system could include the operational changes within the 
WTP and how this could increase resilience to SWI, such as the proposed responses discussed 
in this chapter.  Additionally, modeling could consider the benefits of incorporating stormwater to 
the cycle as well. 
Develop Resilience DSS (Decision Support System) 
Although using a water and salt balance to analyze the magnitude and timing of water 
availability and quality at the city scale allows for a better understanding of how to satisfy demands 
while protecting the environment, its usefulness in long term planning may be limited.  Future 
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research can look to develop a decision-making tool for water utility managers by utilizing this 
research as a basis.   
A DSS would allow for realistic choices in design and water management decisions, 
especially if based on an existing integrated urban water system with ample data (Galloway G. 
E., 2011; Balica, Wright, & van der Meulen, 2012).  This DSS proposes a four-step procedure to 
measure the resilience of an entire integrated urban water system as well as its individual 
subsystems.  It was developed using both scenario–based and threshold-based approaches (US 
EPA, 2012).  The various steps are based on established frameworks and approaches, modified 
to better fit the goal of slow-moving climate impacts to water utilities.  It uses the DPSIR framework 
for decision-making and measuring resilience (UNEP, 2002); computation of the URI – Utility 
Resilience Index and sub indices are based on the RAMCAP Methodology (AWWA, 2010).  This 
DSS also serves as a tool for decision making for complex, dynamic and interdependent systems.   
The proposed DSS can use the DPSIR framework for decision making. 
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Table B1 – Water Balance Data 2010 (Part 1) 
 
  0 1 8 2a 2b 3 4 2=2a+2b 2$ 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
  
135,495,000  
      
135,495,000  0 
 
81,410,000  
    
22,360,000  
     
18,680,000  
 
4,720,000  
          
103,770,000  
         
99,050,000  
F 
  
159,884,000  
      
159,884,000  0 
 
90,720,000  
    
31,980,000  
     
20,530,000  
 
3,550,000  
          
122,700,000  
       
119,150,000  
M 
  
135,216,000  
      
135,216,000  0 
 
80,780,000  
    
22,490,000  
     
18,190,000  
 
5,290,000  
          
103,270,000  
         
97,980,000  
A 
  
130,866,000  
      
130,866,000  0 
 
78,530,000  
    
20,620,000  
     
17,690,000  
 
4,010,000  
            
99,150,000  
         
95,140,000  
M 
  
149,205,000  
      
149,205,000  0 
 
86,660,000  
    
23,960,000  
     
20,130,000  
 
7,120,000  
          
110,620,000  
       
103,500,000  
J 
  
142,968,000  
      
142,968,000  0 
 
82,470,000  
    
23,030,000  
     
18,970,000  
 
6,570,000  
          
105,500,000  
         
98,930,000  
J 
  
139,506,000  
      
139,506,000  0 
 
81,310,000  
    
22,730,000  
     
19,190,000  
 
7,670,000  
          
104,040,000  
         
96,370,000  
A 
  
131,710,000  
      
131,710,000  0 
 
79,710,000  
    
21,710,000  
     
18,270,000  
 
5,040,000  
          
101,420,000  
         
96,380,000  
S 
  
128,630,000  
      
128,630,000  0 
 
75,640,000  
    
21,190,000  
     
18,040,000  
 
5,210,000  
            
96,830,000  
         
91,620,000  
O 
  
146,055,000  
      
146,055,000  0 
 
87,260,000  
    
23,770,000  
     
19,950,000  
 
6,170,000  
          
111,030,000  
       
104,860,000  
N 
  
144,790,000  
      
144,790,000  0 
 
84,720,000  
    
22,450,000  
     
19,690,000  
 
7,290,000  
          
107,170,000  
         
99,880,000  
D 
  
139,872,000  
      
139,872,000  0 
 
79,250,000  
    
20,970,000  
     
18,220,000  
 
6,000,000  
          
100,220,000  
         
94,220,000  
 
0 – RAWwater extracted, 1 – RAWwater to WTP, 2 – POTwater, 2a – PERMeate, 2b – Blend, 2$  - Revenue water, 2*  - losses, 
3 – Concentrate, 4 – Backwash, 8 – AUGwater 
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Table B2 – Water Balance Data 2010 (Part 2) 
 
  6 3+4 5 5* 7 7$ 9 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
     
137,852,000  
      
23,400,000  
    
114,452,000  
    
13,862,000  
    
73,969,000  
    
50,021,000  
    
50,021,000  
F 
     
124,132,000  
      
24,080,000  
    
100,052,000  
     
1,257,000  
    
73,082,000  
    
49,793,000  
    
49,793,000  
M 
     
136,931,000  
      
23,480,000  
    
113,451,000  
       
(902,000) 
    
71,348,000  
    
66,485,000  
    
66,485,000  
A 
     
133,927,000  
      
21,700,000  
    
112,227,000  
    
(3,079,000) 
    
44,795,000  
    
92,211,000  
    
92,211,000  
M 
     
140,330,000  
      
27,250,000  
    
113,080,000  
    
(1,025,000) 
    
32,554,000  
   
108,801,000  
  
108,801,000  
J 
     
129,149,000  
      
25,540,000  
    
103,609,000  
       
(196,000) 
    
22,475,000  
   
106,870,000  
  
106,870,000  
J 
     
170,297,000  
      
26,860,000  
    
143,437,000  
        
942,000  
    
83,241,000  
    
86,114,000  
    
86,114,000  
A 
     
182,218,000  
      
23,310,000  
    
158,908,000  
    
(1,084,000) 
  
110,792,000  
    
72,510,000  
    
72,510,000  
S 
     
148,784,000  
      
23,250,000  
    
125,534,000  
    
(7,859,000) 
    
70,603,000  
    
86,040,000  
    
86,040,000  
O 
     
129,954,000  
      
26,120,000  
    
103,834,000  
    
(5,613,000) 
    
19,007,000  
   
116,560,000  
  
116,560,000  
N 
     
122,430,000  
      
26,980,000  
      
95,450,000  
    
(4,899,000) 
    
26,139,000  
   
101,190,000  
  
101,190,000  
D 
     
122,688,000  
      
24,220,000  
      
98,468,000  
    
(4,242,000) 
    
38,259,000  
    
88,671,000  
    
88,671,000  
 
3 – CONcentrate, 4 – Backwash, 5 – WWater, 5*  - losses, 6 - WWTP Influent, 7- WWTP Discharge,  
7$ - RWater (without augmentation), 9 - RWater (augmented) 
 
 145 
 
Table B3 – Water Balance Data 2012 (Part 1) 
 
  0 1 8 2a 2b 3 4 2=2a+2b 2$ 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
  
137,840,000  
  
137,840,000  0 
 
82,060,000  
    
21,790,000  
   
20,790,000  
      
4,600,000  
     
103,850,000  
       
99,250,000  
F 
  
127,500,000  
  
127,500,000  0 
 
77,310,000  
    
21,010,000  
   
19,440,000  
      
3,610,000  
       
98,320,000  
       
94,710,000  
M 
  
145,580,000  
  
145,580,000  0 
 
89,920,000  
    
24,470,000  
   
22,600,000  
      
4,540,000  
     
114,390,000  
     
109,850,000  
A 
  
144,151,000  
  
142,210,000  
     
1,941,000  
 
87,320,000  
    
23,820,000  
   
22,010,000  
      
4,140,000  
     
111,140,000  
     
107,000,000  
M 
  
151,188,400  
  
146,090,000  
     
5,098,400  
 
87,090,000  
    
23,790,000  
   
22,540,000  
      
4,790,000  
     
110,880,000  
     
106,090,000  
J 
  
127,550,000  
  
127,550,000  0 
 
79,030,000  
    
21,160,000  
   
21,050,000  
      
3,670,000  
     
100,190,000  
       
96,520,000  
J 
  
135,400,000  
  
135,400,000  0 
 
83,200,000  
    
22,570,000  
   
20,820,000  
      
3,420,000  
     
105,770,000  
     
102,350,000  
A 
  
136,720,000  
  
136,720,000  0 
 
80,760,000  
    
23,600,000  
   
19,980,000  
      
4,170,000  
     
104,360,000  
     
100,190,000  
S 
  
124,900,000  
  
124,900,000  0 
 
77,560,000  
    
21,200,000  
   
19,220,000  
      
3,360,000  
       
98,760,000  
       
95,400,000  
O 
  
134,690,000  
  
134,690,000  0 
 
81,030,000  
    
21,990,000  
   
20,480,000  
      
3,860,000  
     
103,020,000  
       
99,160,000  
N 
  
132,364,000  
  
132,364,000  0 
 
80,635,000  
    
22,092,000  
   
20,430,000  
      
4,284,000  
     
102,727,000  
       
98,443,000  
D 
  
135,550,000  
  
135,550,000  0 
 
83,880,000  
    
22,860,000  
   
20,770,000  
      
3,860,000  
     
106,740,000  
     
102,880,000  
 
0 – RAWwater extracted, 1 – RAWwater to WTP, 2 – POTwater, 2a – PERMeate, 2b – Blend, 2$  - Revenue water, 2*  - losses, 
3 – Concentrate, 4 – Backwash, 8 – AUGwater 
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Table B4 – Water Balance Data 2012 (Part 2) 
 
  6 3+4 5 5* 7 7$ 9 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
      
127,621,000  
  
25,390,000  
   
102,231,000  
     
7,230,000  
    
39,430,000     80,961,000  
    
80,961,000  
F 
      
117,044,000  
  
23,050,000  
     
93,994,000  
     
6,936,000  
    
39,300,000     70,808,000  
    
70,808,000  
M 
      
127,849,000  
  
27,140,000  
   
100,709,000  
     
8,159,000  
    
27,759,000     91,931,000  
    
91,931,000  
A 
      
120,954,000  
  
26,150,000  
     
94,804,000  
     
7,017,000  
    
15,861,000     98,076,000  
  
100,017,000  
M 
      
119,597,000  
  
27,330,000  
     
92,267,000  
     
5,263,000  
     
7,954,000   106,380,000  
  
111,478,400  
J 
      
139,418,000  
  
24,720,000  
   
114,698,000  
     
8,742,000  
    
54,388,000     76,288,000  
    
76,288,000  
J 
      
164,157,000  
  
24,240,000  
   
139,917,000  
     
9,027,000  
    
71,214,000     83,916,000  
    
83,916,000  
A 
      
147,050,000  
  
24,150,000  
   
122,900,000  
     
8,125,000  
    
49,922,000     89,003,000  
    
89,003,000  
S 
      
142,153,000  
  
22,580,000  
   
119,573,000  
     
8,937,000  
    
46,168,000     87,048,000  
    
87,048,000  
O 
      
131,610,000  
  
24,340,000  
   
107,270,000  
     
8,295,000  
    
28,074,000     95,241,000  
    
95,241,000  
N 
      
123,207,000  
  
24,714,000  
     
98,493,000  
     
8,569,000  
    
19,406,000     95,232,000  
    
95,232,000  
D 
      
126,409,000  
  
24,630,000  
   
101,779,000  
     
9,314,000  
    
29,390,000     87,705,000  
    
87,705,000  
 
3 – CONcentrate, 4 – Backwash, 5 – WWater, 5*  - losses, 6 - WWTP Influent, 7- WWTP Discharge,  
7$ - RWater (without augmentation), 9 - RWater (augmented) 
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Table B5 – Water Balance Data 2014 (Part 1) 
 
  0 1 8 2a 2b 3 4 2=2a+2b 2$ 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
  
133,510,000  
    
133,510,000  0 
 
80,090,000  
    
22,270,000  
    
20,300,000  
      
3,110,000  
      
102,360,000  
       
99,250,000  
F 
  
122,650,000  
    
122,650,000  0 
 
73,500,000  
    
20,700,000  
    
18,450,000  
      
3,110,000  
       
94,200,000  
       
91,090,000  
M 
  
139,380,000  
    
139,380,000  0 
 
83,610,000  
    
23,210,000  
    
20,960,000  
      
3,360,000  
      
106,820,000  
     
103,460,000  
A 
  
135,470,000  
    
135,470,000  0 
 
80,430,000  
    
22,370,000  
    
19,910,000  
      
3,360,000  
      
102,800,000  
       
99,440,000  
M 
  
145,800,000  
    
145,800,000  0 
 
84,560,000  
    
23,110,000  
    
20,830,000  
      
3,780,000  
      
107,670,000  
     
103,890,000  
J 
  
138,590,000  
    
138,590,000  0 
 
79,350,000  
    
22,090,000  
    
19,620,000  
      
4,660,000  
      
101,440,000  
       
96,780,000  
J 
  
146,040,000  
    
146,040,000  0 
 
85,550,000  
    
22,960,000  
    
21,050,000  
      
4,790,000  
      
108,510,000  
     
103,720,000  
A 
  
141,530,000  
    
141,530,000  0 
 
86,410,000  
    
23,210,000  
    
21,400,000  
      
4,790,000  
      
109,620,000  
     
104,830,000  
S 
  
129,930,000  
    
129,930,000  0 
 
78,800,000  
    
21,470,000  
    
19,470,000  
      
4,120,000  
      
100,270,000  
       
96,150,000  
O 
  
138,680,000  
    
138,680,000  0 
 
80,910,000  
    
21,780,000  
    
20,380,000  
      
4,540,000  
      
102,690,000  
       
98,150,000  
N 
  
137,410,000  
    
137,410,000  0 
 
80,590,000  
    
21,880,000  
    
21,210,000  
      
4,620,000  
      
102,470,000  
       
97,850,000  
D 
  
136,950,000  
    
136,950,000  0 
 
82,230,000  
    
21,870,000  
    
21,740,000  
      
4,900,000  
      
104,100,000  
       
99,200,000  
 
0 – RAWwater extracted, 1 – RAWwater to WTP, 2 – POTwater, 2a – PERMeate, 2b – Blend, 2$  - Revenue water, 2*  - losses, 
3 – CONcentrate, 4 – Backwash, 8 – AUGwater 
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Table B6 – Water Balance Data 2014 (Part 2) 
 
  6 3+4 5 5* 7 7$ 9 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
    
125,860,000  
  
23,410,000  
   
102,450,000  
     
4,777,000  
    
57,343,000     63,740,000  
    
63,740,000  
F 
    
115,584,000  
  
21,560,000  
     
94,024,000  
     
2,977,000  
    
60,115,000     52,492,000  
    
52,492,000  
M 
    
124,372,000  
  
24,320,000  
   
100,052,000  
    
(9,298,000) 
    
71,464,000     62,206,000  
    
62,206,000  
A 
    
113,400,000  
  
23,270,000  
     
90,130,000  
   
(11,007,000) 
    
49,284,000     75,123,000  
    
75,123,000  
M 
    
116,250,000  
  
24,610,000  
     
91,640,000  
    
(4,887,000) 
    
26,718,000     94,419,000  
    
94,419,000  
J 
    
122,700,000  
  
24,280,000  
     
98,420,000  
     
9,717,000  
    
24,143,000     88,840,000  
    
88,840,000  
J 
    
129,518,000  
  
25,840,000  
   
103,678,000  
    
10,688,000  
    
24,683,000     94,147,000  
    
94,147,000  
A 
    
130,913,000  
  
26,190,000  
   
104,723,000  
    
12,521,000  
    
14,873,000   103,519,000  
  
103,519,000  
S 
    
138,540,000  
  
23,590,000  
   
114,950,000  
    
(2,345,000) 
    
67,637,000     73,248,000  
    
73,248,000  
O 
    
133,393,000  
  
24,920,000  
   
108,473,000  
   
(13,135,000) 
    
66,604,000     79,924,000  
    
79,924,000  
N 
    
123,120,000  
  
25,830,000  
     
97,290,000  
    
(9,188,000) 
    
49,841,000     82,467,000  
    
82,467,000  
D 
    
120,063,000  
  
26,640,000  
     
93,423,000  
   
(17,458,000) 
    
60,459,000     77,062,000  
    
77,062,000  
 
3 – CONcentrate, 4 – Backwash, 5 – WWater, 5*  - losses, 6 - WWTP Influent, 7- WWTP Discharge,  
7$ - RWater (without augmentation), 9 - RWater (augmented) 
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Table B7 – Water Balance Data 2017 (Part 1) 
 
  0 1 8 2a 2b 3 4 2=2a+2b 2$ 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
 
140,460,000  
 
140,460,000  0 
 
90,850,000  
 
19,950,000   22,770,000  
 
6,220,000  
 
110,800,000  
 
104,580,000  
F 
 
130,070,000  
 
130,070,000  0 
 
80,890,000  
 
17,970,000   20,670,000  
 
4,620,000  
   
98,860,000  
   
94,240,000  
M 
 
148,730,000  
 
148,730,000  0 
 
90,230,000  
 
24,970,000   22,900,000  
 
4,700,000  
 
115,200,000  
 
110,500,000  
A 
 
163,915,200  
 
159,180,000  
     
4,735,200  
 
89,390,000  
 
28,700,000   22,320,000  
 
5,100,000  
 
118,090,000  
 
112,990,000  
M 
 
156,575,900  
 
149,090,000  
     
7,485,900  
 
91,130,000  
 
24,690,000   22,790,000  
 
4,320,000  
 
115,820,000  
 
111,500,000  
J 
 
135,710,000  
 
135,710,000  0 
 
85,890,000  
 
17,800,000   21,640,000  
 
4,170,000  
 
103,690,000  
   
99,520,000  
J 
 
140,000,000  
 
140,000,000  0 
 
87,360,000  
 
19,560,000   21,800,000  
 
4,200,000  
 
106,920,000  
 
102,720,000  
A 
 
139,910,000  
 
139,910,000  0 
 
86,370,000  
 
18,970,000   21,460,000  
 
3,950,000  
 
105,340,000  
 
101,390,000  
S 
 
126,200,000  
 
126,200,000  0 
 
76,510,000  
 
20,190,000   19,050,000  
 
3,700,000  
   
96,700,000  
   
93,000,000  
O 
 
134,270,000  
 
134,270,000  0 
 
87,340,000  
 
19,160,000   21,640,000  
 
3,880,000  
 
106,500,000  
 
102,620,000  
N 
 
130,390,000  
 
130,390,000  0 
 
83,700,000  
 
18,540,000   21,460,000  
 
3,780,000  
 
102,240,000  
   
98,460,000  
D 
 
137,120,000  
 
137,120,000  0 
 
87,300,000  
 
19,150,000   22,760,000  
 
4,200,000  
 
106,450,000  
 
102,250,000  
 
0 – RAWwater extracted, 1 – RAWwater to WTP, 2 – POTwater, 2a – PERMeate, 2b – Blend, 2$  - Revenue water, 
2*  - losses, 3 – CONcentrate, 4 – Backwash, 8 – AUGwater 
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Table B8 – Water Balance Data 2017 (Part 2) 
 
  6 3+4 5 5* 7 7$ 9 
  (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) (Gallons) 
J 
 
125,860,000  
 
28,990,000  
   
96,870,000    2,542,000  
 
33,821,000     89,497,000     89,497,000  
F 
 
115,584,000  
 
25,290,000  
   
90,294,000    3,836,000  
 
30,968,000     80,780,000     80,780,000  
M 
 
124,372,000  
 
27,600,000  
   
96,772,000    3,534,000  
 
19,158,000   101,680,000   101,680,000  
A 
 
113,400,000  
 
27,420,000  
   
85,980,000    3,360,000  
 
10,110,000     99,930,000   104,665,200  
M 
 
116,250,000  
 
27,110,000  
   
89,140,000    4,185,000  
   
4,340,000   107,725,000   115,210,900  
J 
 
122,700,000  
 
25,810,000  
   
96,890,000    9,480,000  
 
36,720,000     76,500,000     76,500,000  
J 
 
129,518,000  
 
26,000,000  
 
103,518,000    5,859,000  
 
39,370,000     84,289,000     84,289,000  
A 
 
130,913,000  
 
25,410,000  
 
105,503,000    4,309,000  
 
27,001,000     99,603,000     99,603,000  
S 
 
138,540,000  
 
22,750,000  
 
115,790,000    5,100,000  
 
56,280,000     77,160,000     77,160,000  
O 
 
133,393,000  
 
25,520,000  
 
107,873,000  
    
(186,000) 
 
41,013,000     92,566,000     92,566,000  
N 
 
123,120,000  
 
25,240,000  
   
97,880,000       120,000  
 
25,620,000     97,380,000     97,380,000  
D 
 
120,063,000  
 
26,960,000  
   
93,103,000  
 
(1,209,000) 
 
28,148,000     93,124,000     93,124,000  
 
3 – CONcentrate, 4 – Backwash, 5 – WWater, 5*  - losses, 6 - WWTP Influent, 7- WWTP Discharge,  
7$ - RWater (without augmentation), 9 - RWater (augmented) 
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Table C1 – Conductivity and Chloride Measurements 2012 
 
  a b d c  e f h g 
chlorides (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
  Jan-12 133   133     86     264 
 Feb-12 162   162     92     273 
 Mar-12 155   155     93     268 
 Apr-12 160   160     95     286 
 May-12 168   168     95     263 
 Jun-12 171   171     95     253 
 Jul-12 175   175     95     220 
 Aug-12 176   176     96     240 
 Sep-12 145   145     94     270 
 Oct-12 145   145     93     263 
 Nov-12 160   160     93     288 
  Dec-12 156   156     93     294 
           
conductivity (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) 
  Jan-12 984 260 984 3818   437       
 Feb-12 1047 242 1047 3580   458       
 Mar-12 1061 281 1061 3885   472       
 Apr-12 1093 276 1093 4123   486       
 May-12 1070 315 1070 3725   483     2400 
 Jun-12 1069 278 1069 3685   475     2300 
 Jul-12 1088 283 1088 3143   474     2167 
 Aug-12 1067 242 1067 3143   480 2500 2475 2375 
 Sep-12 1046 266 1046 3505   477 2525 2475 2525 
 Oct-12 1028 262 1028 3588   473 2375 2575 2675 
 Nov-12 1025 237 1025 3598   472 2475 2625 2800 
  Dec-12 1047 260 1047 3673   471 2625 2400 2700 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
153 
 
 
Table C2 – Conductivity and Chloride Measurements 2013 
 
  a b d c  e f h g 
chlorides (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
  Jan-13 162   162     94     280 
 Feb-13 166   166     95     283 
 Mar-13 169   169     98     280 
 Apr-13 174   174     94     244 
 May-13 197   197     97     250 
 Jun-13 168   168     100     210 
 Jul-13 174   174     99     270 
 Aug-13 169   169     102     263 
 Sep-13 156   156     102     264 
 Oct-13 157   157     103     273 
 Nov-13 147   147     103     290 
  Dec-13 152   152     102     282 
           
conductivity (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) 
  Jan-13 1079 280 1079 3640   477 2625 2425 2650 
 Feb-13 1070 310 1070 3820   479 2850 2375 2500 
 Mar-13 1081 277 1081 3725   488 2750 2525 2550 
 Apr-13 1017 277 1017 3663   476 2825 2675 2625 
 May-13 1034 279 1034 3818   486 2675 2725 2650 
 Jun-13 1064 293 1064 3596   493 2575 2875 2750 
 Jul-13 1061 278 1061 3695   488 2600 2925 2850 
 Aug-13 1119 280 1119 3695   497 2675 2975 2850 
 Sep-13 1113 272 1113 3648   496 2725 3025 2875 
 Oct-13 1122 269 1122 3575   500 2800 2975 2900 
 Nov-13 1123 264 1123 3535   500 2825 2875 2875 
  Dec-13 1117 264 1117 3478   503 2600 2975 2975 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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Table C3 – Conductivity and Chloride Measurements 2014 
 
  a b d c  e f h g 
chlorides (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) 
  Jan-14 143   143     100     264 
 Feb-14 150   150     98     273 
 Mar-14 144   144     95     268 
 Apr-14 152   152     95     286 
 May-14 164   164     102     263 
 Jun-14 151   151     100     253 
 Jul-14 166   166     106     220 
 Aug-14 166   166     107     240 
 Sep-14 202   202     98     270 
 Oct-14 223   223     98     263 
 Nov-14 213   213     91     288 
  Dec-14 216   216     88     294 
           
conductivity (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) (μS) 
  Jan-14 1113 254 1113 3400   498 2600 3025 2975 
 Feb-14 1083 244 1083 3413   499 2525 3000 2975 
 Mar-14 1064 256 1064 3600   494 2600 3075 2950 
 Apr-14 1060 268 1060 3495   488 2775 2900 2775 
 May-14 1040 263 1040 3500   538 2750 2775 2750 
 Jun-14 1022 257 1022 4073   530 2700 2850 2825 
 Jul-14 1009 321 1009 4190   555 2450 2850 2875 
 Aug-14 1020 344 1020 4190   565 2375 2825 2725 
 Sep-14 1016 271 1016 3635   513 2450 2875 2775 
 Oct-14 1051 322 1051 4007   519 2250 2925 2750 
 Nov-14 1059 314 1059 3800   488 2575 2925 2775 
  Dec-14 1035 242 1035 3030   467 2550 3050 3050 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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Table C4 – Regression for RAW 2012 
 
SUMMARY 
OUTPUT          
Regression 
Statistics          
Multiple R 0.780792407        
R Square 0.609636782        
Adjusted R 
Square 0.570600461        
Standard 
Error 8.488534045        
Observations 12        
         
ANOVA         
  df SS MS F Significance F    
Regression 1 1125.2983 1125.2983 15.61716768 0.002722091    
Residual 10 720.5521023 72.05521023      
Total 11 1845.850402          
         
  Coefficients Standard Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0% 
Intercept -195.8907255 89.75307192 -2.182551764 0.054011985 -395.8730321 4.0915812 
-
395.8730321 4.091581174 
X Variable 1 0.33707334 0.08529494 3.951856232 0.002722091 0.14702437 0.5271223 0.14702437 0.52712231 
         
RESIDUAL 
OUTPUT         
Observation Predicted Y Residuals 
Standard 
Residuals      
1 135.7051729 -3.025172948 -0.373778103      
2 156.856525 5.412705725 0.668771972      
3 161.7440885 -6.344088477 -0.783849849      
4 172.3618987 -12.51427965 -1.546213651      
5 164.7777485 2.763918128 0.341498517      
6 164.5249435 6.035056466 0.745667107      
7 170.676532 3.823468008 0.472412204      
8 163.6822602 11.81773982 1.460152014      
9 156.5194517 -11.60278504 -1.433593074      
10 150.5363999 -5.623356438 -0.69479912      
11 149.5251799 10.86612445 1.342574279      
12 157.10933 -1.60933005 -0.198842296      
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Table C5 – Regression for POTable 2012 
          
SUMMARY 
OUTPUT          
Regression 
Statistics           
Multiple R 0.96895704         
R Square 0.938877746         
Adjusted R 
Square 0.93276552         
Standard Error 0.713597396         
Observations 12         
          
ANOVA          
  df SS MS F 
Significance 
F     
Regression 1 78.21970885 78.21970885 153.606531 2.15508E-07     
Residual 10 5.092212442 0.509221244       
Total 11 83.3119213           
          
  Coefficients Standard Error t Stat P-value Lower 95%   Upper 95% Lower 95.0% 
Upper 
95.0% 
Intercept -3.685361104 7.82790522 -0.47079787 0.647886584 -21.1270209  13.75629865 
-
21.12702085 13.7563 
X Variable 1 0.205716651 0.016598338 12.39381019 2.15508E-07 0.168733249   0.242700053 0.168733249 0.2427 
          
RESIDUAL 
OUTPUT          
Observation Predicted Y Residuals 
Standard 
Residuals       
1 86.17852925 -0.678529248 -0.997267483       
2 90.49857892 1.001421082 1.471837337       
3 93.39575509 -0.062421752 -0.091744289       
4 96.35293194 -1.019598609 -1.498553734       
5 95.60720908 -0.273875749 -0.402528528       
6 93.94433282 0.639000512 0.939170174       
7 93.8414745 1.075192171 1.580262299       
8 95.05005982 0.533273514 0.783778055       
9 94.35576612 0.060900544 0.089508495       
10 93.60147174 -0.684805069 -1.006491363       
11 93.4643273 -0.380993969 -0.559965392       
12 93.29289676 -0.209563426 -0.308005574       
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Table C6 – Regression for RWater 2012 
 
SUMMARY OUTPUT        
Regression Statistics        
Multiple R 0.887618        
R Square 0.787865        
Adjusted R 
Square 0.752509        
Standard 
Error 12.02795        
Observations 8        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 3223.846 3223.846 22.2839 0.003256    
Residual 6 868.0291 144.6715      
Total 7 4091.875          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% 
Upper 
95% 
Lower 
95.0% 
Upper 
95.0% 
Intercept 17.77201 51.77935 0.343226 0.743135 -108.928 144.4715 -108.928 144.4715 
X Variable 1 0.097726 0.020702 4.720583 0.003256 0.04707 0.148383 0.04707 0.148383 
         
RESIDUAL OUTPUT        
Observation Predicted Y Residuals 
Standard 
Residuals      
1 252.315 10.68504 0.959528      
2 242.5423 10.45766 0.93911      
3 229.5122 -9.51218 -0.8542      
4 249.8718 -9.87181 -0.8865      
5 264.5307 5.469257 0.491146      
6 279.1897 -16.1897 -1.45385      
7 291.4055 -3.40546 -0.30581      
8 281.6328 12.36717 1.110586      
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Table C7 – Regression for RAW 2013 
 
SUMMARY OUTPUT        
Regression Statistics       
Multiple R  0.7831109       
R Square  0.6132627       
Adjusted R Square 0.574589       
Standard Error 8.447062       
Observations   12       
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 1131.4671 1131.467109 15.85735 0.002592    
Residual 10 713.52856 71.35285604      
Total 11 1844.9957          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% 
Upper 
95% 
Lower 
95.0% 
Upper 
95.0% 
Intercept 469.899607 76.344299 6.155005882 0.000108 299.7939 640.0053 299.7939 640.0053 
X Variable 1 -0.28049482 0.0704384 -3.982128646 0.002592 -0.43744 -0.12355 -0.43744 -0.12355 
         
         
         
RESIDUAL OUTPUT        
Observation Predicted Y Residuals 
Standard 
Residuals      
1 167.175569 -4.746997 -0.589399316      
2 169.770146 -3.588327 -0.445535926      
3 166.684703 2.2698429 0.281829505      
4 184.776619 -10.82424 -1.343965079      
5 179.938083 16.801047 2.086061079      
6 171.382991 -3.049658 -0.37865329      
7 172.434846 1.9564579 0.242918822      
8 155.955776 13.174659 1.635799428      
9 157.708868 -1.491477 -0.185185594      
10 155.324662 1.8492508 0.229607718      
11 154.833796 -7.742887 -0.961376703      
12 156.516765 -4.607674 -0.572100643      
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Table C8 – Regression for POTable 2013 
 
SUMMARY 
OUTPUT 
        
        
Regression Statistics        
Multiple R 0.974175895        
R Square 0.949018674        
Adjusted R Square 0.943920542        
Standard Error 0.828797184        
Observations 12        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 127.8675 127.8675 186.1503 8.66E-08    
Residual 10 6.869048 0.686905      
Total 11 134.7365          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% Upper 95% 
Lower 
95.0% 
Upper 
95.0% 
Intercept -77.53975353 12.93464 -5.99474 0.000133 -106.36 -48.7196 -106.36 -48.7196 
X Variable 1 0.359872025 0.026376 13.64369 8.66E-08 0.301102 0.418642 0.301102 0.418642 
         
RESIDUAL 
OUTPUT         
Observation Predicted Y Residuals 
Standard 
Residuals      
1 93.93926632 0.144067 0.182311      
2 94.98889306 -0.48889 -0.61867      
3 98.13777328 -0.63777 -0.80708      
4 93.84929832 0.234035 0.296162      
5 97.17811455 -0.51145 -0.64722      
6 99.78718673 0.046147 0.058397      
7 98.10778394 0.392216 0.496333      
8 101.4366002 0.8134 1.029324      
9 101.0467388 0.786595 0.995403      
10 102.5312109 0.218789 0.276869      
11 102.3512749 0.898725 1.1373      
12 103.520859 -1.89586 -2.39913      
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Table C9 – Regression for RWater 2013 
 
SUMMARY OUTPUT        
Regression Statistics        
Multiple R 0.090123        
R Square 0.008122        
Adjusted R 
Square -0.09107        
Standard 
Error 23.28487        
Observations 12        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 44.39774 44.39774 0.081887 0.780597    
Residual 10 5421.852 542.1852      
Total 11 5466.25          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% Upper 95% 
Lower 
95.0% 
Upper 
95.0% 
Intercept 229.9174 125.3997 1.833476 0.096625 -49.4906 509.3254 -49.4906 509.3254 
X Variable 1 0.01301 0.045465 0.286158 0.780597 -0.08829 0.114314 -0.08829 0.114314 
         
RESIDUAL OUTPUT        
Observation Predicted Y Residuals 
Standard 
Residuals      
1 264.3948 15.60524 0.702899      
2 262.4432 20.55679 0.925929      
3 263.0937 16.90627 0.761501      
4 264.0695 -20.0695 -0.90398      
5 264.3948 -14.3948 -0.64838      
6 265.6958 -55.6958 -2.50868      
7 266.9968 3.003177 0.135271      
8 266.9968 -3.99682 -0.18003      
9 267.3221 -3.32208 -0.14963      
10 267.6473 5.352661 0.241097      
11 267.3221 22.67792 1.02147      
12 268.6231 13.37689 0.602528      
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Table C10 – Regression for RAW 2014 
 
SUMMARY OUTPUT         
Regression Statistics        
Multiple R 0.323589        
R Square 0.10471        
Adjusted R Square 0.015181        
Standard Error 30.29995        
Observations 12        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 1073.764 1073.76399 1.169566596 0.30487992    
Residual 10 9180.871 918.087085      
Total 11 10254.63          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% Upper 95% Lower 95.0% Upper 95.0% 
Intercept 513.9536 314.408 1.63467071 0.133164333 -186.59116 1214.4984 -186.5911613 1214.498421 
X Variable 1 -0.324496 0.300053 -1.08146502 0.304879919 -0.9930553 0.3440625 -0.993055286 0.344062477 
         
RESIDUAL OUTPUT         
Observation Predicted Y Residuals 
Standard 
Residuals      
1 152.8703 -10.3703 -0.35895818      
2 162.6863 -13.1211 -0.45417491      
3 168.8517 -25.33 -0.87677666      
4 169.9063 -18.3647 -0.63567782      
5 176.6396 -12.3896 -0.42885679      
6 182.3994 -31.3125 -1.08385642      
7 186.6179 -20.5345 -0.71078713      
8 183.0484 -17.0919 -0.59162257      
9 184.2653 18.00744 0.62331344      
10 172.989 49.96097 1.72935934      
11 170.3119 42.54521 1.47266861      
12 178.181 38.00084 1.3153691      
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Table C11 – Regression for POTable 2014 
 
SUMMARY OUTPUT         
Regression Statistics         
Multiple R 0.93938895         
R Square 0.882451598         
Adjusted R Square 0.870696758         
Standard Error 2.056300922         
Observations 12         
          
ANOVA          
  df SS MS F 
Significance 
F     
Regression 1 317.4296622 317.4296622 75.07133971 5.816E-06     
Residual 10 42.28373483 4.228373483       
Total 11 359.713397           
          
  Coefficients Standard Error t Stat P-value Lower 95%   Upper 95% Lower 95.0% 
Upper 
95.0% 
Intercept 4.493495308 10.81838606 0.415357271 0.686652052 -19.611371  28.59836161 
-
19.61137099 28.59836 
X Variable 1 0.182548123 0.021068824 8.664371859 5.816E-06 0.135603859   0.229492388 0.135603859 0.229492 
          
RESIDUAL OUTPUT         
Observation Predicted Y Residuals 
Standard 
Residuals       
1 95.42527927 4.19972073 2.142052369       
2 95.63064591 2.244354091 1.144724687       
3 94.5809942 0.5440058 0.277468191       
4 93.48570546 1.264294541 0.644848858       
5 102.6891733 -0.77250668 -0.394014238       
6 101.1527266 -0.902726642 -0.460432459       
7 105.7772791 0.139387566 0.071094124       
8 107.5571233 -0.140456637 -0.0716394       
9 98.19392581 0.056074191 0.028600439       
10 99.22836517 -1.311698508 -0.66902708       
11 93.59979804 -3.099798037 -1.581040777       
12 89.72065041 -2.220650415 -1.132634712       
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Table C12 – Regression for RWater 2014 
 
SUMMARY OUTPUT        
Regression Statistics        
Multiple R 0.237901        
R Square 0.056597        
Adjusted R 
Square -0.03774        
Standard 
Error 21.08317        
Observations 12        
         
ANOVA         
  df SS MS F 
Significance 
F    
Regression 1 266.6667 266.6667 0.599925 0.456529    
Residual 10 4445 444.5      
Total 11 4711.667          
         
  Coefficients 
Standard 
Error t Stat P-value Lower 95% 
Upper 
95% 
Lower 
95.0% Upper 95.0% 
Intercept 138.5 163.6494 0.846321 0.417166 -226.134 503.1336 -226.134 503.1336 
X Variable 1 0.044444 0.057381 0.774548 0.456529 -0.08341 0.172298 -0.08341 0.172298 
         
RESIDUAL OUTPUT        
Observation Predicted Y Residuals 
Standard 
Residuals      
1 270.7222 -6.72222 -0.33441      
2 270.7222 2.277778 0.113311      
3 269.6111 -1.61111 -0.08015      
4 261.8333 24.16667 1.202201      
5 260.7222 2.277778 0.113311      
6 264.0556 -11.0556 -0.54997      
7 266.2778 -46.2778 -2.30215      
8 259.6111 -19.6111 -0.97558      
9 261.8333 8.166667 0.406261      
10 260.7222 2.277778 0.113311      
11 261.8333 26.16667 1.301694      
12 274.0556 19.94444 0.992162      
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Figure C1 – Graphical Comparison Between First and Second Correlation 
(2012) 
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Figure C2 – Graphical Comparison Between First and Second Correlation 
(2013) 
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APPENDIX D:  SALT BALANCE INPUTS AND GRAPHS 
 
 
Table D1 –Salt Balance Data 2012 (Part 1)  
      
e 
 
b d c Backwash 
chlorides kg kg kg kg kg  kg 
Jan-12 101,206 0 5,006 15,999 30,763   31,317 
Feb-12 85,119 0 2,821 14,026 25,676   32,462 
Mar-12 94,948 0 7,997 15,959 31,534   39,963 
Apr-12 87,994 1,201 7,141 14,739 31,703   41,004 
May-12 93,885 3,276 11,749 15,289 30,105   40,360 
Jun-12 82,072 0 6,733 13,615 28,066   35,366 
Jul-12 84,499 0 7,683 14,085 25,887   37,263 
Aug-12 88,335 0 2,947 15,248 26,318   37,602 
Sep-12 83,516 0 5,339 14,176 26,555   35,130 
Oct-12 92,601 0 5,082 15,118 28,418   36,131 
Nov-12 91,423 0 2,366 15,259 29,654   35,935 
Dec-12 90,385 0 5,089 15,243 30,998   37,217 
        
conductivity (μS) (μS) (μS) (μS) (μS) (μS) (μS) 
Jan-12 984 984 260 984 3818   437 
Feb-12 1047 1047 242 1047 3580   458 
Mar-12 1061 1061 281 1061 3885   472 
Apr-12 1093 1093 276 1093 4123   486 
May-12 1070 1070 315 1070 3725   483 
Jun-12 1069 1069 278 1069 3685   475 
Jul-12 1088 1088 283 1088 3143   474 
Aug-12 1067 1067 242 1067 3143   480 
Sep-12 1046 1046 266 1046 3505   477 
Oct-12 1028 1028 262 1028 3588   473 
Nov-12 1025 1025 237 1025 3598   472 
Dec-12 1047 1047 260 1047 3673   471 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, e – POTwater 
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Table D2 – Salt Balance Data 2012 (Part 2) 
 
  f h g g+a  
  
 w/ augmentation 
chlorides kg kg kg kg 
Jan-12 8,586 4,976 5,447 5,447 
Feb-12 7,874 4,917 4,764 4,764 
Mar-12 8,601 4,800 6,185 6,185 
Apr-12 8,137 3,014 6,598 7,799 
May-12 8,046 2,190 101,605 104,882 
Jun-12 9,379 1,512 70,042 70,042 
Jul-12 11,044 5,600 72,906 72,906 
Aug-12 145,890 108,893 84,185 84,185 
Sep-12 142,346 69,393 87,166 87,166 
Oct-12 124,486 19,384 100,655 100,655 
Nov-12 121,095 27,141 105,049 105,049 
Dec-12 131,257 36,542 93,502 93,502 
     
conductivity (μS) (μS) (μS) (μS) 
Jan-12       984 
Feb-12       1047 
Mar-12       1061 
Apr-12       1093 
May-12     2400 3470 
Jun-12     2300 3369 
Jul-12     2167 3254 
Aug-12 2500 2475 2375 3442 
Sep-12 2525 2475 2525 3571 
Oct-12 2375 2575 2675 3703 
Nov-12 2475 2625 2800 3825 
Dec-12 2625 2400 2700 3747 
 
a – RAWwater and AUGwater, f – WWater,  
g-RWater, h - WWTP Discharge 
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Table D3 – Salt Balance Data 2014 (Part 1) 
  
a a b d c  e 
chlorides kg kg kg kg kg  kg 
Jan-14 79,740 0 4,177 13,301 26,899   39,414 
Feb-14 77,193 0 2,832 13,028 24,532   36,417 
Mar-14 90,534 0 4,588 15,076 29,324   40,459 
Apr-14 88,462 0 5,784 14,608 27,081   38,096 
May-14 98,420 0 5,476 15,600 28,371   47,296 
Jun-14 96,165 0 4,490 15,328 30,885   43,396 
Jul-14 103,350 0 12,260 16,248 34,044   50,165 
Aug-14 98,506 0 15,130 16,154 34,610   52,134 
Sep-14 90,949 0 5,988 15,029 27,491   40,681 
Oct-14 91,957 0 11,779 14,442 31,578   42,456 
Nov-14 89,911 0 10,818 14,317 31,243   38,061 
Dec-14 93,137 0 2,972 14,873 25,831   35,653 
        
conductivity (μS) (μS) (μS) (μS) (μS) (μS) (μS) 
Jan-14 1113 1113 254 1113 3400   498 
Feb-14 1083 1083 244 1083 3413   499 
Mar-14 1064 1064 256 1064 3600   494 
Apr-14 1060 1060 268 1060 3495   488 
May-14 1040 1040 263 1040 3500   538 
Jun-14 1022 1022 257 1022 4073   530 
Jul-14 1009 1009 321 1009 4190   555 
Aug-14 1020 1020 344 1020 4190   565 
Sep-14 1016 1016 271 1016 3635   513 
Oct-14 1051 1051 322 1051 4007   519 
Nov-14 1059 1059 314 1059 3800   488 
Dec-14 1035 1035 242 1035 3030   467 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, e – POTwater 
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Table D4 – Salt Balance Data 2014 (Part 2) 
  
f h g 
chlorides kg kg kg 
Jan-14 129,523 68,027 74,437 
Feb-14 115,741 70,760 61,302 
Mar-14 127,992 86,101 72,071 
Apr-14 124,042 56,188 82,173 
May-14 126,084 29,225 102,406 
Jun-14 130,810 27,078 98,820 
Jul-14 126,100 27,684 106,465 
Aug-14 123,826 16,544 111,319 
Sep-14 134,884 76,486 80,122 
Oct-14 120,004 76,550 86,685 
Nov-14 125,564 57,284 90,206 
Dec-14 121,336 72,283 92,133 
    
conductivity (μS) (μS) (μS) 
Jan-14 2600 3025 2975 
Feb-14 2525 3000 2975 
Mar-14 2600 3075 2950 
Apr-14 2775 2900 2775 
May-14 2750 2775 2750 
Jun-14 2700 2850 2825 
Jul-14 2450 2850 2875 
Aug-14 2375 2825 2725 
Sep-14 2450 2875 2775 
Oct-14 2250 2925 2750 
Nov-14 2575 2925 2775 
Dec-14 2550 3050 3050 
 
f – WWater, g-RWater, h - WWTP Discharge 
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APPENDIX E:  SCENARIO RESULTS 
 
 
Table E1 –Baseline Scenario 
 
    
a b c d e f g h 
S
a
lt
 (
k
g
) 
J 79740 4177 26899 13301 39414 129523 74437 68027 
F 77193 2832 24532 13028 36417 115741 61302 70760 
M 90534 4588 29324 15076 40459 127992 72071 86101 
A 88462 5784 27081 14608 38096 124042 82173 56188 
M 98420 5476 28371 15600 47296 126084 102406 29225 
J 96165 4490 30885 15328 43396 130810 98820 27078 
J 103350 12260 34044 16248 50165 126100 106465 27684 
A 98506 15130 34610 16154 52134 123826 111319 16544 
S 90949 5988 27491 15029 40681 134884 80122 76486 
O 91957 11779 31578 14442 42456 120004 86685 76550 
N 89911 10818 31243 14317 38061 125564 90206 57284 
D 93137 2972 25831 14873 35653 121336 92133 72283 
          
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 C
l-
 C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
  J 158 14 350 1130 102 272 309 313 
F 166 10 351 1107 102 265 309 311 
M 172 14 370 1185 100 272 306 318 
A 173 19 359 1149 98 289 289 301 
M 178 17 360 1090 116 287 287 289 
J 183 15 416 869 113 282 294 296 
J 187 38 427 896 122 257 299 296 
A 184 46 427 891 126 250 284 294 
S 185 20 373 964 107 257 289 299 
O 175 38 409 840 109 238 287 304 
N 173 35 389 819 98 269 289 304 
D 180 10 314 802 90 267 316 316 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
171 
 
 
 
Table E2 – Drinking Water MCL Exceeded Scenario 
 
    
a b c d e f g h 
S
a
lt
 (
k
g
) 
J 199350 10443 67246 33252 98536 323807 186093 170068 
F 192983 7080 61331 32570 91042 289352 153254 176900 
M 226336 11471 73309 37690 101147 319979 180176 215253 
A 221155 14459 67704 36519 95240 310104 205432 140470 
M 246050 13689 70928 39000 118239 315210 256015 73063 
J 240412 11224 77211 38320 108490 327025 247050 67696 
J 258375 30651 85110 40621 125413 315251 266162 69210 
A 246264 37826 86525 40386 130336 309566 278296 41359 
S 227373 14971 68728 37572 101704 337211 200304 191216 
O 229893 29448 78946 36105 106140 300009 216712 191375 
N 224778 27044 78107 35792 95152 313911 225514 143209 
D 232842 7431 64577 37183 89132 303341 230333 180708 
          
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 C
l-
 C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
  
 J 394 34 875 2825 254 680 771 784 
F 416 25 878 2767 255 661 771 777 
M 429 36 924 2964 250 680 765 796 
A 431 47 898 2872 245 722 722 753 
M 446 43 900 2726 290 716 716 722 
J 458 37 1040 2173 283 704 735 741 
J 467 95 1068 2241 305 643 747 741 
A 460 116 1068 2228 314 625 710 735 
S 462 50 933 2409 268 643 722 747 
O 438 96 1023 2101 273 594 716 759 
N 432 89 973 2047 245 674 722 759 
D 449 24 785 2005 226 668 790 790 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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Table E3 – Turf Grass Tolerance Exceeded Scenario 
 
    
a b c d e f g h 
S
a
lt
 (
k
g
) 
J 199350 10443 67246 33252 78829 323807 205801 170068 
F 192983 7080 61331 32570 72834 289352 171462 176900 
M 226336 11471 73309 37690 80918 319979 200406 215253 
A 221155 14459 67704 36519 95240 310104 205432 140470 
M 246050 13689 70928 39000 94591 315210 279663 73063 
J 240412 11224 77211 38320 86792 327025 268748 67696 
J 258375 30651 85110 40621 100330 315251 291244 69210 
A 246264 37826 86525 40386 53505 309566 355127 41359 
S 227373 14971 68728 37572 81363 337211 220645 191216 
O 229893 29448 78946 36105 84912 300009 237940 191375 
N 224778 27044 78107 35792 95152 313911 225514 143209 
D 232842 7431 64577 37183 89132 303341 230333 180708 
          
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 C
l-
 C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
 J 394 34 875 2825 203 680 853 784 
F 416 25 878 2767 204 661 863 777 
M 429 36 924 2964 200 680 851 796 
A 431 47 898 2872 245 722 722 753 
M 446 43 900 2726 232 716 783 722 
J 458 37 1040 2173 226 704 799 741 
J 467 95 1068 2241 244 643 817 741 
A 460 116 1068 2228 129 625 906 735 
S 462 50 933 2409 214 643 796 747 
O 438 96 1023 2101 218 594 787 759 
N 432 89 973 2047 245 674 722 759 
D 449 24 785 2005 226 668 790 790 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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Table E4 – Effluent Discharge Exceeded Scenario 
 
  
  a b c d e f g h 
S
a
lt
 (
k
g
) 
J 199350 10443 67246 33252 78829 323807 186093 189776 
F 192983 7080 61331 32570 72834 289352 153254 195108 
M 226336 11471 73309 37690 80918 319979 180176 235483 
A 221155 14459 67704 36519 95240 310104 205432 140470 
M 246050 13689 70928 39000 94591 315210 279663 73063 
J 240412 11224 77211 38320 86792 327025 268748 67696 
J 258375 30651 85110 40621 100330 315251 266162 94293 
A 246264 37826 86525 40386 53505 309566 278296 118190 
S 227373 14971 68728 37572 81363 337211 220645 191216 
O 229893 29448 78946 36105 84912 300009 237940 191375 
N 224778 27044 78107 35792 95152 313911 225514 143209 
D 232842 7431 64577 37183 89132 303341 230333 180708 
          
    a b c d e f g h 
    RAW PERM CON Blend POT WW RW Dis 
 C
l-
 C
o
n
c
e
n
tr
a
ti
o
n
 (
m
g
/L
) 
 J 394 34 875 2825 203 680 771 857 
F 416 25 878 2767 204 661 771 674 
M 429 36 924 2964 200 680 765 666 
A 431 47 898 2872 245 722 722 1101 
M 446 43 900 2726 232 716 783 2765 
J 458 37 1040 2173 226 704 799 2941 
J 467 95 1068 2241 244 643 747 2849 
A 460 116 1068 2228 129 625 710 4944 
S 462 50 933 2409 214 643 796 862 
O 438 96 1023 2101 218 594 787 944 
N 432 89 973 2047 245 674 722 1195 
D 449 24 785 2005 226 668 790 1007 
 
a – RAWwater and AUGwater, b – PERMeate, c – CONcentrate, d – Blend, 
e – POTwater, f – WWater, g-RWater, h - WWTP Discharge 
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APPENDIX F:  FDEP COMPLIANCE ASSISTANCE CLOSURE LETTER 
AND ENCLOSURES 
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May 4, 2017 
Florida Department of 
Environmental Protection 
Southwest District Office 
13051 North Telecom Parkway, Suite 101 
Temple Terrace, FL 33637-0926 
Rick Scott 
Governor 
 
Carlos Lopez-Cantera 
Lt.  Governor 
 
Ryan Matthews 
Interim Secretary 
Jorge M. Quintas, P.E. 
Director of Public Works & Utilities / City Engineer 
City of Dunedin 
1140 Martin Luther King, Jr. Avenue 
Dunedin, FL 34697 
JQuintas@DunedinFL.net 
 
Re: Compliance Assistance Offer Closure Letter  
 City of Dunedin AWWTF 
 Facility ID Number: FL0021326 Pinellas County 
 
Dear Mr. Quintas: 
 
Department personnel conducted a compliance inspection of the above-referenced facility on June 
20, 2016. Based on the information provided during and following the inspection, the facility was 
determined to be in compliance. A copy of the inspection report is attached for your records and 
any non-compliance items which may have been identified at the time of the inspection have been 
addressed through a submitted permit modification application addressing the ground water 
monitoring wells. 
 
The Department appreciates your efforts to maintain this facility in compliance with state and 
federal rules. Should you have any questions or comments, please contact Michelle Holton at 
(813) 470-5900, or via e-mail at: Michelle.Holton@dep.state.fl.us. 
 
Sincerely, 
 
 
  
Michael Lynch Environmental Manager 
Compliance Assurance Program Southwest District 
Florida Department of Environmental Protection 
 
Enclosures:  Inspection Report
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City of Dunedin AWWTF Facility ID No. FL0021326 
Compliance Assistance – Closure Letter Page 2 of 2 
 
 
 
 cc: Paul Stanek, City of Dunedin, PStanek@dunedinfl.net  
  Russell Ferlita, City of Dunedin, RFerlita@dunedinfl.net  
  Brian Antonian, City of Dunedin, BAntonian@dunedinfl.net 
Kelley M. Boatwright, FDEP, Kelley.M.Boatwright@dep.state.fl.us  
 Michael Lynch, FDEP, Michael.Lynch@dep.state.fl.us 
 Jacquelyn Champion, FDEP, Jacquelyn.Champion@dep.state.fl.us  
 Steve Thompson, FDEP, Steve.Thompson@dep.state.fl.us 
SWD_clerical@dep.state.fl.us 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
www.dep.state.fl.us 
 177 
 
 
FLORIDA DEPARTMENT OF ENVIRONMENTAL PROTECTION  
 
  WASTEWATER COMPLIANCE INSPECTION REPORT 
  
F A C IL IT Y  A N D  IN S P E C T IO N  IN F O R M A T IO N  
 
Name and Physical Location of 
Facility 
 WAFR ID: County Entry Date/Time 
City of Dunedin WWTF  FL0021326 Pinellas 06/20/2016 
1140 Martin Luther King, Jr. Ave.  Phone @  Exit Date/Time 
Dunedin, FL 34697   06/20/2016 
Names of Field Representatives Title Email  Phone 
Brian Antonian Plant Supervisor
 bantonian@dunedinfl.
net 
727-298-3256 
Name and Address of Permittee or Designated 
Representative 
Title Phone @   Operator Certification # 
Doug Hutchens  Int. City 
Manager 
727-298-3003  
P.O. Box 1348  Email   
Dunedin, FL 34697  rdispito@dunedinfl.net  
 
Inspection Type C E I  Samples Taken(Y/N):   N @   Sample ID#: Samples Split (Y/N): 
X  Domestic
 Industri
al 
Were Photos Taken(Y/N):   
N 
@    Log book Volume : @   Page 
 
F A C I L IT Y  C O M P L I A N C E  A R E  AS E VA L U A T  E D 
IC: In Compliance; MC: Minor Out of Compliance; NC: Out of Compliance; SC: Significant Non-Compliance;  
NA: Not Applicable; NE or Blank: Not Evaluated 
Significant Non-Compliance Criteria Should be Reviewed when Out of Compliance Ratings Are Given in Areas Marked by a “ ” 
 PERMITS/ORDERS  SELF MONITORING PROGRAM  FACILITY OPERATIONS  EFFLUENT/DISPOSAL 
IC 1. Permit NE 3. Laboratory IC 6.  Facility Site Review MC 9. Effluent Quality 
IC 2. Compliance 
Schedules 
IC 4. Sampling IC 7.  Flow Measurement IC 10. Effluent Disposal 
  IC 5. Records & Reports IC 8. 
Operation 
& 
Maintenance 
IC 11. Biosolids/Sludge 
      NC 12. Groundwater 
NA 14. Other: NE 13.  SSO Survey 
 
Facility and/or Order Compliance 
Status: 
In-Compliance X Out-Of-Compliance Significant-Out-Of-Compliance 
Recommended Actions: See attached Field Notes 
 
Names and Signatures of Inspectors: District Office/Phone Number Date 
Michelle Holton 813/470-5900 06/23/2016 
   
@   Signature of Reviewer    District Office/Phone Number Date 
Michele Duggan 813/470-5703 06/28/2016 
 
 
 
 
 
 
 
 
                                                                                                                                           Revised October 1, 2012 
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INSPECTION REPORT SUMMARY 
 
Facility Name: City of Dunedin AWWTF 
Facility ID: FL0021326 
Inspection Type: Compliance Evaluation Inspection 
Inspection Date: 06/20/2016 
 
FACILITY BACKGROUND: 
Facility Address: 1140 Martin Luther King Jr. Ave., Dunedin, FL 34697 
Program/ Permit Information: DW, permit issue date: March 25, 2015, expiration date: 03 
Treatment Summary: Type I Domestic Advanced Wastewater Treatment Facility Permitted 
Capacity:  6.0 MGD 
 
1. Permit: RATING – In-Compliance 
Observations: Domestic Wastewater Permit No. FL0021326 was issued March 25, 2015 and 
will expire March 24, 2020. 
 
2. Compliance Schedules: RATING – In Compliance 
Observations: The facility is under a Toxicity Correction Plan. Chronic toxicity testing for the 
City of Dunedin’s AWWTF indicated that the effluent samples were chronically toxic to 
Ceriodaphnia dubia (an IC25 of <100% effluent) in November 2015 and April 2016.  Pursuant 
to Rule 62-620.620(3)(i), Florida Administrative code, the City submitted a toxicity correction 
plan (TCP) on April 21, 2016 and was approved June 1, 2016. Quarterly progress reports on 
implementation of the Toxicity Correction Plan and results of steps completed in the plan shall 
be submitted to the Department on September 30, and December 31, 2016 and March 31 and 
June 30, 2017. 
 
3. Laboratory: RATING – Not Evaluated 
Observations: AEL and Southern Analytical Laboratory are certified to perform permit- 
required analyses. These laboratories were not evaluated. 
 
4. Sampling: RATING – In Compliance 
Observations: Sampling locations and calibration records were reviewed. No deficiencies 
were noted. 
 
5. Records and Reports: RATING –In-Compliance 
 
Observations: All records and reports were available on site at the time of the inspection and 
were in order. No deficiencies were noted. 
 
6. Facility Site Review: RATING – In Compliance 
Observations:  No deficiencies were noted.  Facility grounds appeared well maintained. 
Facility Name: City of Dunedin 
Inspection Date:  06/20/2016 
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7. Flow Measurement: RATING – In Compliance 
Observations: Ultrasonic meters at a Parshall flume measure flow. Flow calibration reports 
were dated 02/2016, and are, therefore, current. 
 
8. Operation and Maintenance: RATING – In Compliance 
Observations:   Overall, the facility appeared well operated and maintained. 
 
9. Effluent Quality: RATING – In Compliance 
Observations: In November 2015 and April 2016, the IC25 Statre 7 day Chronic 
Ceriodaphnia (percent) ME-Minimum was reported at <100. The facility is under a Toxicity 
Correction Plan to address this issue. 
 
10. Effluent Disposal: RATING – In Compliance 
Observations: Effluent disposal is by public access reuse in the City of Dunedin and a surface 
water discharge to Clearwater Harbor from St. Joseph Sound. The facility was discharging at 
the time of the inspection. 
 
11. Biosolids/Sludge: RATING – In Compliance 
Observations:  Stabilized residuals are land applied in Hernando County. 
 
12. Groundwater Quality: RATING – Out of Compliance 
Deficiencies: A review of the submitted groundwater monitoring reports for compliance well 
MWC-04 from February 2012 to June 2016 showed exceedances of the ground water 
minimum criteria specified in Rule 62-520.400 Florida Administrative Code. 
 
pH    
Date Result Limit Statistical Base 
12/31/2015 6.41 6.5-8.5 s.u. Range 
 
Nitrogen, Nitrate, 
Total (as N) 
   
Date Result Limit Statistical Base 
09/30/2012 15 mg/L 10 mg/L MB-Maximum 
12/31/2012 37 mg/L 10 mg/L MB-Maximum 
03/31/2013 13 mg/L 10 mg/L MB-Maximum 
06/30/2013 13 mg/L 10 mg/L MB-Maximum 
09/30/2013 20 mg/L 10 mg/L MB-Maximum 
12/31/2013 19 mg/L 10 mg/L MB-Maximum 
03/31/2014 15 mg/L 10 mg/L MB-Maximum 
Facility Name: City of Dunedin 
Inspection Date:  06/20/2016 
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Nitrogen, Nitrate, Total (as N)    
03/31/2015 22 mg/L 10 mg/L MB-Maximum 
06/30/2015 28 mg/L 10 mg/L MB-Maximum 
12/31/2015 29 mg/L 10 mg/L MB-Maximum 
 
Sodium, Total Recoverable    
Date Result Limit Statistical Base 
09/30/2012 180 mg/L 160 mg/L MB-Maximum 
12/31/2012 180 mg/L 160 mg/L MB-Maximum 
03/31/2013 170 mg/L 160 mg/L MB-Maximum 
06/30/2013 190 mg/L 160 mg/L MB-Maximum 
09/30/2013 310 mg/L 160 mg/L MB-Maximum 
12/31/2013 200 mg/L 160 mg/L MB-Maximum 
06/30/2015 200 mg/L 160 mg/L MB-Maximum 
 
Chloride (as Cl)    
Date Result Limit Statistical Base 
09/30/2012 320 mg/L 250 mg/L MB-Maximum 
12/31/2012 260 mg/L 250 mg/L MB-Maximum 
03/31/2013 320 mg/L 250 mg/L MB-Maximum 
06/30/2013 280 mg/L 250 mg/L MB-Maximum 
09/30/2013 320 mg/L 250 mg/L MB-Maximum 
12/31/2013 270 mg/L 250 mg/L MB-Maximum 
03/31/2014 260 mg/L 250 mg/L MB-Maximum 
06/30/2015 440 mg/L 250 mg/L MB-Maximum 
12/31/2015 310 mg/L 250 mg/L MB-Maximum 
 
Sulfate, Total    
Date Result Limit Statistical Base 
09/30/2013 320 mg/L 250 mg/L MB-Maximum 
 
Arsenic, Total Recoverable    
Date Result Limit Statistical Base 
09/30/2012 15 µg/L 10 µg/L MB-Maximum 
12/31/2012 36 µg/L 10 µg/L MB-Maximum 
03/31/2013 29 µg/L 10 µg/L MB-Maximum 
06/30/2013 25 µg/L 10 µg/L MB-Maximum 
09/30/2013 30 µg/L 10 µg/L MB-Maximum 
12/31/2013 30 µg/L 10 µg/L MB-Maximum 
03/31/2014 22 µg/L 10 µg/L MB-Maximum 
03/31/2015 31 µg/L 10 µg/L MB-Maximum 
06/30/2015 23 µg/L 10 µg/L MB-Maximum 
12/31/2015 28 µg/L 10 µg/L MB-Maximum 
Facility Name: City of Dunedin 
Inspection Date:  06/20/2016 
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Total Dissolved Solids    
Date Result Limit Statistical Base 
09/30/2012 1000 mg/L 500 mg/L MB-Maximum 
12/31/2012 1100 mg/L 500 mg/L MB-Maximum 
03/31/2013 890 mg/L 500 mg/L MB-Maximum 
06/30/2013 1000 mg/L 500 mg/L MB-Maximum 
09/30/2013 1900 mg/L 500 mg/L MB-Maximum 
12/31/2013 1100 mg/L 500 mg/L MB-Maximum 
03/31/2014 950 mg/L 500 mg/L MB-Maximum 
03/31/2015 860 mg/L 500 mg/L MB-Maximum 
06/30/2015 1500 mg/L 500 mg/L MB-Maximum 
12/31/2015 1100 mg/L 500 mg/L MB-Maximum 
 
Permit/Rule or Other Reference: Rule 62-520.400 Florida Administrative Code states that the 
groundwater minimum criteria shall be met within the zone of discharge. 
Corrective Action: Please indicate how the City will ensure that the pH, Nitrate,  
Sodium, Chlorine, Sulfate, Arsenic, and TDS limits will be met. 
 
13. SSO Survey: RATING – Not Evaluated 
 
 
14. Other: RATING – Not Evaluated 
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